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Collagen molecules assemble into fibrils with ordered structure is a spontaneous and 

thermally driving process which is favored by a large positive entropy contribution due to the 

displacement of structured water around collagen molecules. The underlying principle on 

forming fibrils with periodicity is still unclear. Our goal is to study the mechanism of collagen 

fibril formation by analyzing the intermolecular interactions during fibril formation. By 

introducing the anionic surfactant, we found those surfactants can accelerate the fibrillogenesis 

even though there are no remarkable interactions before fibril formation. The denaturation of 

collagen occurred with increasing concentration of surfactants. It is possible that the adsorption 

of surfactants on collagen through hydrophobic interactions destabilize the collagen triple helix 

when collagen molecules are dehydrated during incubation. 

Collagen fibril formation is influenced by environmental factors especially the pH and 

electrolytes. We found collagen fibrils can be formed at pH from 6.6 to 9.2. Zeta potential 

measurements of soluble collagen indicate that the surface net charge of collagen is not only 

affected by the pH of medium but also by the presence of added salts. The acceleration of 

fibrillogenesis rate with increasing pH from 6.6 to 9.2 is consistent with a reduction of surface 
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net charge since the isoelectric point of soluble collagen is approaching. The native D-periodicity 

of 62 nm was found except at pH 7.1 where collagen molecules form short banding of 50-60 nm 

in the early stage of fibrillogenesis which might be caused by unusual alignment of collagen 

molecules in fibrils. 

We also introduced different monovalent and divalent electrolytes into fibril formation 

instead of PBS buffer. It was found the fibril formation was facilitated by divalent ions. Divalent 

ions can shift the isoelectric point of collagen by adsorption. We proposed the adsorbed divalent 

ions form the salt bridges between collagen which facilitate fibril formation. The unusual 

periodicities along the collagen fibril were also found which might be come from altered 

alignment of molecules due to the change of surface charge. 

These studies provide new insight on understanding the basis for collagen fibril formation 

and help for designing new biomaterials. 
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CHAPTER 1 
INTRODUCTION 

Collagen is the most abundant protein present in connective tissue. It is biodegradable, 

biocompatible, and can enhance cell attachment and cellular penetration[1]. The prevalence of 

collagen also makes it a natural choice as a polymer for biomedical materials and tissue-

engineering matrices. The potential value of collagen as a biomaterial has led to research on use 

in scaffolds for wound repair, collagen hydrogel as drug delivery, and scaffolds of tissue 

engineering[2, 3]. Collagen is also a target for study in diseases involving extensive collagen 

remodeling, including aortic heart valve repair and bone repair[4, 5]. A better understanding of 

interactions between collagen allow for the more rational design and use of collagen scaffolds for 

biomedical application as well as understanding the biological system.  

There are over 20 known types of collagen[6]. Type I collagen is the major fibril 

component in bone, skin, tendons, ligaments, cornea, and internal organs, accounting for 90% of 

body collagen; type II collagen comprising fibrillar cartilage, and vitreous humor of the eye; type 

III collagen comprising fibril skin, blood vessels, and internal organs. For all collagen types, 

each collagen molecule is composed of three left-handed α helix chains that twist together of 

form the right-handed triple helix. Each helix chain has about 1024 amino acids and each of 

collagen molecule is about 300 kDa, composed of about 10% each of proline and 

hydroxyproline, and has a glycine present at every third amino acid positions.  

Collagen molecules can self assemble into fibrils with an ordered structure along the fibril 

in vitro. The mechanism of collagen self assembly has been studied a lot. However, it is still 

unclear. From a thermodynamic point of view, collagen self assembly is an entropy driving 

process. When temperature is increased, entropy of water is increased due to the dissociation of 

structured water around the collagen and entropy of collagen is decreased a little compared to the 
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water. Even though it is an endothermic process, the free energy of the whole process is negative 

which suggests collagen fibril formation is a spontaneous reaction. When structured water 

molecules are dissociated during heating, the exposed side groups of amino acids are attracted 

with each other. During the fibril formation, there exist many interactions, such as van der Waals 

attraction, electrostatic repulsion and hydrophobic attraction. Which interaction force play a 

major role during fibril formation? Why collagen molecules can align along the fibril to form 

ordered structure? Does collagen recognize the specific regions of nearby one to form the native 

fibrils? In this dissertation, I tried to comprehensively study the molecular interactions during 

fibril formation in order to provide insight into the mechanisms of collagen self-assembly into 

fibrils. 

A literature review of the collagen molecules self assemble into fibrils is described in 

Chapter 2. It starts at the hierarchical structure of the collagen from the amino acids composition, 

triple helix structure to the collagen fibrils. The models of collagen fibrils from electron 

microscopy and XRD are also reported. The mechanisms of collagen fibrils formation studied 

from kinetics, and morphologies are also summarized. 

In Chapter 3, the kinetics of collagen fibril formation was studied by turbidity 

measurement. The effects of collagen concentration, temperature, and ionic strength of 

phosphate buffer on fibril formation were investigated. The activation energy of collagen fibril 

formation was calculated. TEM was used to examine the morphologies of collagen fibrils in 

order to understand the fundamental mechanism about fibril formation. 

By introducing anionic surfactants, sodium dodecylsulfate (SDS) or sodium 

dodecylbenzenesulfonate (SDBS), we hope to know if there are specific interactions between 

surfactants and collagen molecules as well as how those interactions influence the fibril 
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formation (Chapter 4). The anionic surfactants have both a hydrophobic hydrocarbon chain and 

negative charged head group. When collagen molecules are dehydrated during fibril formation, 

the exposed side groups of collagen interact with surfactants. The rate of collagen fibril 

formation was found to be accelerated remarkably in the presence of 0.1-0.5 mM SDS or SDBS 

while the unfolding of the collagen triple helix also occurred when up to 1 mM SDS was added 

or more than 0.35 mM SDBS was added. The morphology studies from SEM indicated partial 

unfolding occurred and non-fibrillar collagen gel formed within fibrils. The binding and 

denaturation effects of surfactants were also discussed.  

In Chapter 5, Collagen self assembly in vitro was conducted in the pH range from 6.0 to 

10.5 in order to investigate the electrostatic interactions that occurred during fibril formation. 

Collagen fibril morphologies imaged by TEM and SEM present bundling of fibrils with a small 

amount of non-fibrillar collagen. Even though the rate of fibrillogenesis accelerated with 

increasing pH in this range, the size distribution of fibrils didn’t change significantly. We also 

found that the net surface charge of collagen molecules is not only affected by the pH of medium 

but also by the presence of added salts.  

It was found that electrostatic interactions are important for fibril formation and the 

electrostatic interactions can be controlled through changing the pH of the medium. In Chapter 6 

variant electrolytes instead of phosphate buffer is introduced in order to facilitate fibrillogenesis. 

In our studies, the facilitation of collagen aggregation through reducing surface net charge by 

divalent ions binding was observed. We also found the competition between unfolding and 

aggregation in collagen at high pH which inhibited the collagen fibril formation. The divalent 

ions binding to the collagen molecules not only change the surface charge but also create fibrils 

with native D-periodic banding pattern. It is possible that the binding divalent ions induce the 
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like-charge attraction during collagen self assembly into fibrils. The findings can help 

understanding the mechanism of fibrillgenesis. 

In Chapter 7, a summary for the dissertation and the potential research work for the future 

were described. 
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CHAPTER 2 
AN OVERVIEW OF COLLAGEN 

Collagen and Its Applications 

As one of the major components of connective tissue, collagens account for approximately 

30% of all proteins in the human body[7, 8]. They are often found in every major tissue that 

requires strength and flexibility, such as tendon, skin, bone, and fascia. There are over 20 types 

of collagens (Table 2-1), with the most abundant type being type I collagen (more than 90% of 

all fibrous protein). The word ‘collagen’ describes a family of structurally related proteins that 

are located in the extracellular matrix of connective tissue.  

Collagen has played a critical role in the evolution of large complex organisms, where it 

acts as an insoluble scaffold for providing shape and form, for attaching biopolymers, inorganic 

ions, and cells. They occur as supra-molecular assemblies that range in morphology from rope-

like fibrils that provide the fibrous scaffold maintaining the integrity of tendons, ligaments and 

bone, to net-like sheets in the base discs that underlie epithelial and endothelial cells[9]. Type I 

collagen has become the biomaterial of choice for a number of important medical applications 

due to[10]: 

• well developed technique for obtaining large quantities of medical grade collagen,  

• a number of established collagen products, some of which are well known,  

• a good safety profile as a biomaterial,  

• easily used in minimally invasive procedures,  

• the improved understanding of collagen’s role in wound healing, metabolism, catabolism, 

and the interaction between cells and collagen. 
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Table 2-1. List of the Collagen Types and Information on Chain Composition, Structure, Tissue Location and Related Information[42] 
Types  Chain Composition  Structural Details  Localization  Notes  

I  [a1(I)]2[a(I)]  300 nm, 67-nm banded fibrils  Skin, tendon, bone, etc.  90% of all collagen of the 
human body. Scar tissue-the 
end product when tissue 
heals by repair.  

II  [a1(II)]3  300 nm, small 67-nm fibrils  Cartilage, vitreous humor  Articular cartilage                                         
III  [a1(III)]3  300 nm, small 67-nm fibrils  Skin, muscle, frequently 

with type I  
Collagen of granulation 
tissue, and produced 
quickly by young 
fibroblasts.  

IV  [a1(IV)2[a2(IV)]  390 nm C-term globular domain, 
nonfibrillar  

All basal lamina  Basal lamina  

V  [a1(V)][a2(V)][a3(V)]  390 nm N-term globular domain, 
small fibers  

Most interstitial 
tissue,assoc. with type I  

Most interstitial tissue, 
assoc. with type I  

VI  [a1(VI)][a2(VI)][a3(VI)]  150 nm, N1C term. globular 
domains, microfibrils, 100-nm 
banded fibrils  

Most interstitial tissue, 
assoc. with type I  

Most interstitial tissue, 
assoc.with type I 

VII  [a1(VII)]3  450 nm, dimer  Epithelia   
VIII  [a1(VIII)]3  130 nm, N1C term. Globular 

domains  
Some endothelial cells   

IX  [a1(IX)][a2(IX)][a3(IX)]  200 nm, N-term. Globular domain, 
bound proteoglycan  

Cartilage, assoc. with type 
II  

 

X  [a1(X)]3  150 nm, C-term. Globular domain  Hypertrophic and 
mineralizing cartilage  

 

XI  [a1(XI)][a2(XI)][a3(XI)]  300 nm, small fibers  Cartilage   
XII  a1(XII)  75-nm triple helical tail, central 

globule, three 60-nm globule arms  
Interacts with types I and 
III  

 

Mainly type I–IV have been utilized to varying degrees in tissue-engineering related biomaterials studies, with some efforts on 
the other types shown.  
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The potential value of collagen as a biomaterial has led to research on its use in 

scaffolds for ligament repair, collagen grafts for scar and burn repair, and the engineering 

of osterochondral tissue[2, 11-13]. The commercial applications of collagen are listed in 

Table 2-2.  

Table 2-2. Commercially available collagen-based medical devices[10] 
Medical Specialty Application 
General surgery hemostastis 
Dermatology Soft tissue augmentation 
Dentistry Oral wounds; periodontal ligament attachment 
Ophthalmology Corneal shields 
Cardiovascular Anti-infectious catheter cuffs; Arterial puncture 

repair 
Plastic and reconstructive surgery Wound dressings; Artificial skin 
Orthopedics Bone repair 
Urology Bulking agent for incontinence 
Drug delivery Cancer therapeutics; growth factors 

 

Structure of Collagen Triple-Helix 

Type I collagen, the principal component of the organic matrix of bone, as well as 

other connective tissues, is a large fibrous protein with a highly repetitive amino acid 

sequence [Gly-X-Y]n where X and Y can be any amino acids but are frequently the imino 

acids proline and hydroxyproline, respectively(Figure 2-1). The three peptide subunits are 

two α1(1) and one α2(1) chains, which have similar amino acid compositions with each 

chain (Table 2-3), composed of about 1024 amino acid residues. They can fold into a 

unique triple-helical structure which consists of three domains: the –NH2 terminated 

helical, the triple helical, and the –COOH terminated helical domains. It is also called 

telopeptide collagen or tropocollagen. When the helical domains are cleaved by pepsin 

digestion, the collagen is called atelopeptide collagen. The length of collagen molecule is 

about 300 nm, and the diameter is about 1.5nm[14].The single uninterrupted triple helical 
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domain represents more than 95% of the molecule. The triple-helical conformation based 

on high-angle X-ray diffraction patterns, consists of three polypeptide chains entwined 

into a left-handed helix with approximately 3.33 residues per turn and a unit twist of 

about 108°, in which adjacent chains are staggered by one residue. Successive units are 

translated by approximately 0.29 nm parallel to the helix axis (h) and chains are held 

together by two hydrogen bonds per triplet[15]. One hydrogen bond is formed between 

the NH group of the residue of the glycyl residue and the CO group of the residue in the 

second position of the triplet in the neighboring chains. Another one is formed via a water 

molecule participating in the formation of additional hydrogen bonds with the help of the 

hydroxyl group of 4-hydroxyproline in the third position of the triplet (Gly-X-Y)[16].  

Table 2-3. Amino acid composition of type I collagen [6] 
Amino acid  α1(I)  α2(I)  
3-Hydroxyproline  1  1  
4-Hydroxyproline  108  93  
Aspartic acid  42  44  
Threonine  16  19  
Serine  34  30  
Glutamic acid  73  68  
Proline  124  113  
Glycine  333  338  
Alanine  115  102  
Half-cystine  0  0  
Valine  21  35  
Methionine  7  5  
Isoleucine  6  14  
Leucine  19  30  
Tyrosine  1  4  
Phenylalanine  12  12  
Hydroxylysine  9  12  
Lysine  26  18  
Histine  3  12  
Arginine  50  50  
All  1000  1000  
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Figure 2-1. Model of the collagen triple helix. The structure is shown for  (Gly-Pro-Pro)n 
in which glycine is designated by 1, proline in X-position by 2 and proline in 
Y-position by 3:A) and B) are side views. C) is top view in the direction of the 
helix axis. The three chains are connected by hydrogen bonds between the 
backbone NH of glycine and the backbone CO of proline in Y-position. 
Arrows indicate the directions in which side chains other than proline rings 
emerge from the helix. The residue-to-residue distances are indicated in 
nm.[43] 

 

Stabilization of Collagen Fibrils by Covalent Cross-Linking  

The assembly of type I, II and III collagen into fibrils is usually accompanied by 

formation of inter- and intra-molecular covalent cross-links between α-chains[17]. The 

cross-links in the fibrils provide the high tensile and mechanical strength needed for 

tissue integrity. These cross-links are based on aldehyde formation and condensation 
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involving specific peptidyl lysine and hydroxylysine residues[18] (Figure 2-2). The 

process is catalyzed by a single enzyme, lysyloxidase, which oxidatively deaminates the 

ε-amino group of certain lysine and hydroxylysine residues in the telopeptide regions of 

collagen molecules to form reactive allysyl and hydroxyallysyl aldehydes, respectively. 

These aldehyde groups then react with the ε-amino group of lysine and hydroxylysine 

residues and other aldehydes to form a variety of di-, tri- and tetrafunctional cross-links. 

Increasing the intermolecular cross-links can increase the biodegradation time by making 

collagen less susceptible to enzymatic degradation; decreasing the capacity of the 

collagen to absorb water; and increasing the tensile strength of the collagen fibers. For 

long-term biomimetic applications, the thermal and mechanical stability of collagen must 

be achieved by cross-linking. Over the years, a number of well-described physical or 

chemical techniques have been used such as de-hydrothermal treatment, UV-radiation 

and chemical cross-linking agents[1, 19, 20]. However, those methods might induce 

partial denaturation and substantially alter its in vivo degradation. Especially, some cross-

linking reagents, such as aldehydes, polyepoxides, and isocyanates, are usually toxic and 

bio-incompatible. 
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Figure 2-2. Chemical structures of collagen crosslinks in vivo. (A) oxidation of lysine 
and hydroxylysine via lysyloxidase, (B)intramolecular aldol condensation 
type of crosslink, (C) intermolecular aldimine type crosslink, (D) 
condensation of aldo condensation with hydroxyproline, (E) 
hydroxypyridinium type crosslink. 

 

Fibril Structure Model of Collagen 

X-ray scattering and electron microscopy are the principal techniques used to probe 

the structure of fibrils. The D-periodicity in collagen fibrils was observed by X-ray 

scattering and electron microscopy. An explanation of the D-periodicity in fibrils requires 

accurate determination of the molecular length of collagen and knowledge of the 

relationship between the collagen molecule and the fibril-banding pattern. Measurements 
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performed in collagen show that the molecular length, l, of type I collagen is 

approximately 4.4D. In the fibril, molecules are staggered with respect to one another. 

When they are regularly staggered by D (Figure 2-3), because of the nonintegral ratio of 

l/D, regions of gap and overlap are produced with the fibril; the overlap will be about 

0.4D in axial extent and the gap will be approximately 0.6D[21, 22]. The D-periodicity of 

collagen fibrils is now known to an accuracy of one residue. Using a value of 234 

residues for the 67-nm D-period length, the residue spacing, h, computes to 0.286 nm and 

is in good agreement with diffraction measurements of the axial translation of Gly-X-Y 

repeat units. 

 

Figure 2-3. One dimensional packing arrangement model of molecules in a fibril. The 
lateral packing arrangement of collagen molecules shown here (collagen 
molecules mutually staggered by 1D 67-nm length) is only one of many 
possible arrangements. The gap overlap zones represent 0.6D and 0.4D, 
respectively. TEM image of a fibril negatively stained with phosphotungstic 
acid (1%, pH 7.4) is shown on the bottom.  
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Several models for the molecular packing of type I collagen fibrils have been 

proposed[23], either the tetragonal or hexagonal models. A better model is the quasi-

hexagonal packing arrangement which fits with the X-ray diffraction data. This model is 

related with both the positions and intensities of the near-equatorial reflections and 

molecules tilted by 4° to the fibril axis to account for the reflections. In each unit, there 

are five molecules. 

Structure and Mechanical Properties of the Collagen-Mineral Composite in Bone 

Bone has a very complex hierarchical structure and is optimized to achieve 

remarkable mechanical performance[24]. The basic material of bone is the collagen-

mineral composite, containing nano-sized mineral platelets (essentially carbonated 

hydroxyapatite), protein (predominantly collagen type I), and water. These components 

have different mechanical properties: the mineral is stiff and brittle while the protein is 

much softer but also more ductile than the mineral. Remarkably, the composite combines 

the optimal properties of the components, both the stiffness and the toughness. This 

rather unusual combination of material properties provides both rigidity and resistance 

against fracture. 

A sketch of the most probable arrangement of the mineral particles with respect to 

the collagen molecules[25, 26] is shown in Figure 2-4. Bone mineral is a poorly 

crystalline hydroxyapatite phase. The reflections obtained by selected area diffraction 

(SAD) confirmed the hydroxyapatite nature of the mineral crystals. The strongest 

reflection comes from the 002 lattice planes indicating of the c-axis of the crystal which 

was preferentially oriented to the longitudinal axis of the fibrils [27]. Recent investigation 

on individual bone trabeculae revealed a predominant parallel orientation of the c-axis of 
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the mineral crystals with respect to the longitudinal axis of the trabeculae, whereby the 

crystals follow closely to the plane of the lamellae[27]. 

 

Figure 2-4. Sketch of the arrangement of collagen and hydroxyapatite composite. 
Hydroxyapatite is typically very thin crystals (2-4nm) and aligned with the 
collagen matrix. Hydroxyapatite is believed to be appeared within gap zone of 
fibrils. (Reproduced from Rho et al.[44])  

 

Native type I collagen is hydrated moiety, greatly contributing to the viscoelastic 

properties of bone[28]. The mineralized collagen fibril about 100 nm in diameter is the 
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basic building block of the bone material. When the osteoblasts deposite the triple-helical 

collagen molecules into the extracellular space, they build fibrils by a self-assembly 

process. Adjacent molecules are staggered in their long axis by 67 nm in hydrated 

condition, generating a characteristic banding pattern of gap zones with 40 nm length and 

overlap zones with 27 nm length within the fibril[29]. There is evidence that the mineral 

particles start in the gap zones, growing initially in the gap zone and then further into the 

overlap zone, forming aggregates of staggered plate-like motifs[25, 26, 30, 31]. Thereby, 

the long axis (c-axis) of the mineral crystals is oriented parallel to the longitudinal axis of 

the fibrils. 

Mechanism of Collagen Fibrillogenesis  

Reconstituted collagen fibrils can also be self-assembled from purified collagen in 

vitro. The simplest system usually uses purified type I collagen extracted from skin or 

tendon. Typically, a solution of type I collagen in acidic solution is warmed and 

neutralized with buffer (pH 7.4, I 0.1) generating a gel of fibrils. The mechanism by 

which collagen molecules self-assemble into fibrils has been a topic of intense research 

since the 1950s. Early studies evaluated the kinetics of the transition of collagen from a 

soluble to a solid phase suggest that it was controlled by the addition of molecules at the 

fibril surface at temperatures above 16°C and limited by the rate of diffusion of collagen 

molecules at temperatures less than 16°C[32]. Thermodynamic studies indicated that 

native collagen fibril formation was an endothermic process that is thermodynamically 

favorable by the large increase in mobility of the water molecules as they are released. 

Early work using electron microscopy suggests that fibril growth proceeds via nucleation 

of monomers and growth to a fibril at a constant shape[33]. Further electron microscopic 

studies and examination from light-scattering techniques indicate, however, that 
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fibrillogenesis in vitro is a multi-step process in which the formation of linear aggregates 

precedes lateral growth[34]. Comparison of theoretically derived translational diffusion 

coefficients of the collagen monomer with those obtained experimentally from quasi-

elastic light scattering studies of collagen solutions suggest that 4.4D staggered 

interactions occur in the early stages of assembly[35]. Electron microscopic observations 

on the early stages of assembly support the existence of 4.4D staggered dimers, but also 

show that the conditions under which fibril formation occurs influences the morphology 

of intermediate aggregates of the assembly process[36]. Telopeptide sequences at the N- 

and C-terminal of the triple-helical domains are important in stabilizing initial aggregates 

by formation of aldehyde adducts in vitro[37], whereby molecules in reconstituted fibrils 

have a memorial influence on the dissociation and reformation of fibrils[38].  

Collagen Initial Aggregates in Lag Phase 

Early turbidimetric studies of collagen self-assembly indicate that the lag period 

before fibril growth was important in determining the final fibril size. Factors such as pH, 

ionic strength, ion types, and temperature were found to influence the length of the lag 

period in manner that has only been explained phenomenologically. The mechanism of 

initiation, as well as a suitable explanation for lag phase and the influence of solution 

parameters should be important in understanding collagen self-assembly. 

Inelastic light-scattering data indicate that the first-formed aggregates result from 

‘linear’ rather that ‘lateral’ association of collagen molecules[39], i.e. molecules tend to 

associate with minimal overlap and hence maximal stagger. Gelman & Piez claim that 

this predominantly linear mode of assembly filaments is an intermediate step[34]. 

However, recent evidence does suggest that no unique assembly pathway exists[40]. 
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Other methods used to initiate assembly can lead to the earlier onset of simultaneous 

linear and lateral association and the more rapid formation of native fibrils. 

Lateral Arrangement of Collagen Molecules in Fibrils 

Within a fibril, there is considerable long-range order in the axial direction, with 

neighboring collagen molecules staggered axially by integral multiples of D (i.e., nD, 

n=1, 2, 3, or 4, where D~67 nm, depending on tissue source). The lateral arrangement of 

molecules (i.e., in a plane perpendicular to the fibril axis) is less well established. In the 

fibrils from some tissues, x-ray diffraction indicates only liquid-like short-range order in 

the lateral packing, as shown by the diffuse equatorial scattering ( i.e., perpendicular to 

the fibril axis) with a maximum in the region of the intermolecular interference 

function[41].  

How size and form of collagen fibrils are regulated is not well understood. The 

regulation of fibril growth occurs in the growth step in vivo. Although collagen fibrils 

have broad diameter and length distribution, individual fibrils tend to be fairly uniform in 

diameter except at their ends. All the features of the fibrils observed in vivo have been 

observed in reconstituted fibrils, except the uniformity of diameter. Therefore, the 

components that regulate fibril size and length may be lost when collagen is extracted or 

when fibrils are generated from pure solutions[7]. However, studies on protease-damaged 

collagen that lacks the telopeptide sequences suggest that those short extrahelical 

sequences are critical for the formation of the uniform diameter. 

Purpose of Our Study 

It has been demonstrated that bone mineralization can be duplicated in Dr. Gower’s 

group which involves the liquid-liquid phase separation of a fluidic amorphous precursor, 

induced by the presence of small amount of an acidic polymer in the crystallizing 
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solution. This process is termed the Polymer-Induced Liquid Precursor (PILP) process. It 

has been proposed that mineralization of collagen occurs by PILP process in which the 

liquid precursor phase is drawn into the collagen fibrils through capillary action. 

Therefore, the structure of collagen fibrils may influence the ability of the liquid 

precursor to be drawn into the fibrils. 

The alignment of collagen molecules in fibrils results in hole and overlap zones 

where it is thought the liquid precursor may enter the hole zones. During collaboration on 

the project of mimicking bone, we found that forming collagen fibrils with native D 

periodicity is critical for the mineralization process. 

In this dissertation, we hope to learn how collagen molecules self assemble into the 

fibrils and what are the major factors leading to native fibril formation. To answer the 

questions, we tried to examine the molecular interactions between collagen molecules 

during formation by introducing ionic surfactant, salts, or controlling the surface charges 

of collagen. We hope our studies can help in understanding the biological system, and 

furthermore, bring new clues on the design and development of new bio-mimetic 

materials. 

The interactions between collagen during fibril formation have been studied a lot. 

However, due to the technique deficiency, there is no systematical observation on the 

fibril structure at nano-scale which casts a limitation on understanding the mechanism of 

fibril formation. In our studies, we focused on examining fibril structure by electron 

miscroscopy (TEM and SEM), especially measuring the banding length in the fibrils. We 

hope these examinations can bring new insight to understand the intermolecular 

interactions during fibril formation.  
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CHAPTER 3 

KINETICS STUDIES OF COLLAGEN FIBRIL FORMATION 

Introduction 

It is well-known that collagen molecules form different types of aggregates in vitro, such 

as segment long-spacing type (SLS), fibrous long-spacing type (FLS), native-type fibrils, fibrils 

without periodic striation, under select conditions[45-47], as observed by electron microscopy, 

which might come from collagen specific intermolecular interactions. The factors affecting the 

interaction between collagen molecules are divided into three classes. The first class is concerned 

with the environment in the solution, such as the pH, ionic strength, ionic species, other 

substances, temperature and pressure. The second class is the molecular structure of the collagen 

itself, such as collagen sources, existence of non-helical regions, the formation of cross-links. 

The third class is the factors affecting collagen fibrillogenesis due to biological considerations, 

such as the concentration of collagen.  

A number of studies have been carried on the effect of pH, ionic strength, and temperature 

on collagen fibril formation[40, 48, 49]. Turbidity-time examinations for type I collagen are 

commonly used to study the collagen fibril formation behavior. Turbidimetric curves are 

composed of lag and growth phases. During the lag phase, aggregation occurs primarily by linear 

addition of collagen molecules for forming end overlapped or 4.4D-staggered dimers and 

trimers[39, 50]. The time of the lag phase is dependent on both the presence of helical and non-

helical ends [51, 52] and several studies suggest that charged and hydrophobic residues are 

important for aggregation. However, there are some disagreements on whether the aggregates 

that form during the lag phase are unstable “nuclei” that grow by monomer addition or 

subfibrillar components that grow in a multiple steps [50, 52]. It is clear from laser light 

scattering studies that physical changes can be measured during the lag phase[52]. Near the end 
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of the lag phase and during the growth phase lateral aggregation of elements is formed. Studies 

also suggest that lateral growth occurs via the formation of a subfibrillar unit composed of five 

trimers which can linearly and laterally associate with other subfibrillar components [39]. Linear 

and lateral aggregation of these units may be controlled by interactions between attractive 

charged pairs [35]. 

Since the experimental conditions and collagen source always influence fibrillogenesis 

kinetics and structure of fibrils, it is important to study the basic factors on fibril formation as 

well as the mechanism of self-assembly in order to design and fabricate collagen fibrillar 

matrices. In this chapter, the kinetics of fibril formation, the effects of collagen concentration, 

temperature, and ionic strength of phosphate buffer were investigated. 

Materials and Methods 

Materials 

Purified type I collagen (99%) was purchased as a solution of pepsin-solubilized adult 

bovine dermal collagen dissolved in hydrochloric acid (0.012N) with the concentration of 2.9 

mg/mL (Vitrogen; Cohesion Technologies, Inc., Palo Alto, CA).10-fold phosphate buffered 

saline, NaOH (0.1N) and HCl (0.1N) were purchased from Sigma.  

Polyacrylamide Gel Electrophoresis In SDS (SDS-PAGE)  

Collagen in 0.12N HCl with different concentrations was used for gel electrophoresis by 

dialyzing them overnight against a sample buffer containing 3 to 8% NuPAGE Tris-acetate Gels 

with Tris-acetate SDS buffer and stained with Coomassie blue. All samples were reduced and 

denatured before gel electrophoresis.  

Turbidity-Time Measurement 

Collagen fibrillogenesis in the range of 28°C to 34°C was studied by turbidity 

measurements. Chilled pepsin-solubilized collagen solution was mixed with 10-fold phosphate 
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buffered saline and 0.1 M NaOH in an 8:1:1 volume ratio in an ice bath to give a final 

composition of 10 mM phosphate and 168 mM of NaCl. The mixture was poured into 

spectrophotometer cells, which were sealed and transferred to the cell compartment of a UV/Vis 

spectrometer (Perkin-Elmer Lambda 800 UV/Vis spectrometer, Fremont, CA), equipped with a 

thermostated cell holder, and maintained at the desired temperature by water circulation. The 

process of fibrillogenesis was monitored by recording the light transmittance at 400 nm 

wavelength as a function of time. 

The turbidity curves were plotted as follows: the absorbance at 400 nm was calculated by 

A=2-log (Transmittance), and the turbidity as an increase in absorbance was plotted versus time 

in minutes. Usually, absorbance was converted into turbidity by multiplying with 2.303[53]. In 

our study, the absorbance was taken as an indirect indication of turbidity. The curve consisted of 

an initial lag phase with no turbidity change, a growth phase during which there was an increase 

in turbidity and a plateau where no further change in turbidity was observed. The t1/2 was defined 

as the time when half of turbidity change (ΔT) was attained. The reciprocal of t1/2 was taken as an 

estimation of the apparent rate of collagen fibril formation in order to obtain the activation 

energy of the overall process. 

Morphology Studies of Fibrils  

Typical studies of the morphologies of collagen fibrils were conducted by TEM, in which 

image contrast is caused by the relative ability of regions of the fibril to scatter or transmitted 

electrons. Sample staining with heavy, electron scattering elements is often carried out in order 

to enhance the contrast within organic samples such as collagen. Within a fibril, the heavy metals 

which were deposited in the gap zone appear dark and the overlap zone, which has less metal 

deposition appear bright under the TEM examination. When preparing a sample, a small portion 

of collagen fibrils washed with MiliQ water were first placed on a cooper grid with mesh size of 
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300. After draining for 1 minute, it was negatively stained at room temperature for 15 second 

with 1% phosphotungstic acid at pH 7.4. Then, the grid was washed with water for 1 minute and 

air dried. The prepared specimens were examined in a Jeol TEM 200CX with acceleration 

voltage of 80 kV, and digital micrographs were taken at magnification of 37, 000X. 

Mathematical Analysis of Kinetics of Fibril Formation  

The turbidity of a macromolecule solution depends both on the size (molecular weight) as 

well as shape (particle dissipation factor). Therefore, turbidity increases result from size and 

shape changes which can be studied using a mathematical approach. Under ideal scattering 

conditions, the turbidity (T) is given by equation 3-1, where T is directly proportional to the 

weight concentration of macromolecules in solution, C; the molecular weight, Mr; and the 

particle dissipation factor, Q [54, 55]. The particle dissipation factor is inversely related to the 

largest macromolecular dimension and can be obtained for a given shape from tabulated values 

[54, 55]. As the particle gets bigger Q decreases and approaches zero. The constant of 

proportionality, H is a function of the index of refraction in solution n0, the refractive index 

increment, dn/dc, Avgadro’s number, N and the wavelength of light in solution, λ and is given by 

equation 2. 

T=HMrCQ                                                                                                                        (3-1) 

H=[32л3n0
2(dn/dc)2]/(3Nλ4)                                                                                          (3-2) 

As for a mixture of macromolecular species having different values of M and Q, the 

average turbidity (T) is proportional to the average molecular weight (Mr) and average Q (Q) 

were used for analysis [56].  

By differentiating equation (3-1) with respect to time, the result of differentiation is given 

by equation 3-3. 
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When dc/dt is isolated on the left hand side equation 3-3 becomes: 
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When both sides of equation (3-4) are divided by the average molecular weight, equation 

(3-4) becomes a rate expression. Since the molecular weight increases as fibrils are formed, the 

left side of the equation (3-4) represents the decrease in the moles of collagen as fibrils are 

formed. A first order rate expression for the disappearance of moles of collagen would have the 

following form: 

−𝑑𝑑[𝐻𝐻]
𝑑𝑑𝑑𝑑

= 𝑘𝑘[𝐻𝐻]                                                                                                                    (3-5) 

A plot of d[c]/dt versus [c] based on equation (3-5) is a straight line for a first order 

reaction and has a slope equal to k, the rate constant. By integrating equation (3-5), the equation 

of (3-6) can be given below: 

ln[c]/[c]0=-kt                                                                                                                     (3-6) 

As for the first order reaction, the reaction rate constant can be expressed by t1/2, the time 

to reach the middle point of the final opacity  

k=ln2/t1/2                                                                                                                          (3-7) 

However, a more simplified equation has been proposed where the turbidity is proportional 

to the concentration. It turns out that t1/2 in turbidity-time measurement can be used in studying 

the kinetics of fibril formation. 

Activation Energies for Fibril Formation  

Since the apparent rate constant can be treated as t1/2 as discussed above, the activation 

energy, Ea, for the fibril formation can be determined. The activation energy is obtained from the 

temperature dependence of the apparent rate constant (k) using the Arrhenius relationship where 
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T is the absolute temperature in K, R is the gas constant and A is the rate constant as 1/T 

approaches 0. 

   𝑘𝑘 = 𝐴𝐴𝑒𝑒−𝐸𝐸𝑎𝑎/𝑅𝑅𝑅𝑅                                                                                                                            

(3-8) 

A plot of ln(k) versus 1/T has a slope equal to the activation energy divided by the negative 

gas constant. Therefore, by plotting lnt1/2 versus 1/T, the activation energies for fibril formation 

can be obtained.  

Results  

Collagen Characterization  

The SDS-PAGE analysis of collagen is shown in Figure 3-1. Line 1 is the protein markers. 

Lines 2 to 6 are the collagen content from 5 µg to 40 µg. A triple helix of type I collagen 

molecule is composed of two α1 chains and one α2 chain. Collagen molecules on SDS-PAGE 

show six distinct bands in line 2 which indicate the α1 and α2 trimers, α1 and α2 dimers, α1 

monomer, and α2 monomer.[57] Thus, α1 and α2 have similar molecular weights of about 120 

kDa and the type I collagen triple helix has a molecular weight about 360 kDa.  
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Figure 3-1. Coomassie blue stained SDS-PAGE of collagen. It was separated in 3 to 8% 
NuPAGE Tris-Acetate Gels with Tris Acetate SDS buffer. Lane 1, mass marker; Lane 
2, 5 µg collagen; Lane 3, 10 µg; Lane 4, 20 µg; Lane 5, 30 µg; Lane 6, 40 µg. 

 

Concentration Effects 

Light scattering from collagen fibril formation is complex as described in the experimental 

section. It is proportional to the particle dissipation factor and concentration of fibrils. However, 



 

39 
 

it has been found that turbidity is proportional to the amount of precipitation and can be used for 

kinetics studies[58, 59]. A typical turbidity-time curve for type I collagen is shown in Figure 3-2. 

This curve is composed of three phases as described in the introduction part. In the lag phase, 

there is no detectable change in turbidity; in the growth phase, the turbidity changes rapidly, and 

at the plateau phase the turbidity remains constant again where the curve can be characterized by 

the total turbidity change ΔT and t½ the time to reach the middle point of the final absorbance.  
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Figure 3-2. A typical turbidity curve presenting an increase in light absorbance as collagen fibrils 

are formed. The collagen concentration was 2.5 mg/mL and the temperature was 
34°C.  

 

The fibrillogenesis of collagen in different concentrations were conducted from 0.5 mg/mL 

to 2.5 mg/mL at 34°C (Figure 3-3). The rate of fibril formation and the final turbidity were 
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highly affected by the concentration. By increasing the concentration, the rate and the turbidity 

increased. A plot of the ΔA versus concentration (Figure 3-4) indicates that the final turbidity is 

proportional to the collagen concentration, which is consistent with previous reports [34, 49, 56]. 

The dependence of t1/2 on concentration was plotted with the format of log (1/t ½) versus log 

concentration in Figure 3-5. The rate of fibril formation by measuring turbidity is proportional to 

collagen concentration on the first power which suggests the mechanism of fibril formation is the 

same at different concentrations of collagen, as reported before[58].  
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Figure 3-3. Effects of collagen concentration on collagen fibril formation. Condition: 34°C, pH 

7.4; ionic strength 0.2; Na2HPO40.02M, NaCl 0.14N.  
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Figure 3-4. Linear dependence of ΔA on concentration of collagen type I. The relationship is 
consistent with the theoretical relationship in equation (3-1). 
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Figure 3-5. Effect of collagen concentration on rate of fibril formation. Condition: 34°C, pH 7.4, 
10 mM phospate.168 mM NaCl. 

 

Temperature Effects  

It is well-known that temperature is of primary importance in collagen fibril formation. 

The results in Figure 3-6 indicate that the fibrillogenesis rate is influenced by the change of 

temperature. The higher the temperature, the faster the collagen fibrillogenesis proceeds. An 

Arrhenius plot for collagen fibril formation give an activation energy of 167.6 kJ/mol, which is 

similar to the result of fibrillogenesis from telopeptides collagen [53, 58]. It has been found that 

the removal of non-helical ends inhibited the initiation of the self-assembly of collagen 

molecules.[59] As for the atelopeptides which was used in studies here, it should have a high 

activation energy compared to telopeptides collagen in the same condition. However, the 

activation energy of fibrillogenesis can be also a result of the experimental conditions and 
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collagen source. Therefore, it is difficult to compare the activation energy to literature data 

directly.  
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Figure 3-6. Turbidity measurements of temperature effects on collagen fibril formation. A) 

Turbidity-time measurements of fibril formation in different temperature. B) An 
Arrhenius plot for collagen fibril formation from A. Collagen 2.5 mg/mL, pH 7.4. 
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Temperature not only affects the fibrillogenesis rate, it also affects the final fibrils’ 

morphology. As the temperature is decreased to less than 16°C, collagen molecular movements 

are inhibited, resulting in a reduced rate of fibril formation and most of the collagen appears as a 

mixture of filamentous aggregates with occasional thin fibrils. Moreover, at lower temperatures 

(e.g. room temperature), it is hard to form fibrils even after 10 days of storage while most of the 

collagen appears as a mixture of amorphous gel(data not show). Collagen thermal stability can 

also affect the fibril formation. When temperatures are higher than 37°C, the collagen molecules 

undergo helix-coil transition, and no fibrils are formed. In TEM measurements (Figure 3-7), with 

increasing temperature from 28°C to 37°C, the fibril size is decreased and the small fibrils with 

unclear D-periodicity appeared at 37°C. 

 

 

Figure 3-7. TEM images of collagen fibrils formed at different temperatures. A) Collagen fibrils 
are formed at 28°C. B) Fibrils are formed at 30°C. C) Fibrils are formed at 37°C. 
Collagen concentration is 2.5 mg/mL, scale bar 1 µm.  

 

Effects of Phosphate and Ionic Strength 

The effects of phosphate and ionic strength on collagen fibrillogenesis were also conducted 

at a constant pH, including 10mM phosphate with 168mM sodium chloride, 18mM phosphate 
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with 302mM sodium chloride, and 25mM phosphate with 421mM sodium chloride. At low 

phosphate concentrations, native fibrils were formed (Figure 3-8A). The fibrils showed the D-

periodicity consisting of a fine polarized band pattern superimposed on alternate light and dark 

regions. The fibrils had diameters of about 130 to 200 nm and had a constant diameter along the 

fibril’s direction but tended to bend and entangled with each other. At phosphate concentrations 

near 18 mM (Figure 3-8B), the native D-periodicity appeared clearly and fibrils had diameters of 

about 120 to 250 nm. At high phosphate concentrations, the fibrils had sizes of about 150 nm, 

which was smaller than in low phosphate concentrations and the D-periodicity was unclear 

(Figure 3-8C). Fibril formation in the absence of the PBS was also conducted (data not show), as 

a result, amorphous collagen gels with occasional fibrils were presented. 
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Figure 3-8. TEM images and corresponding fibril diameter distributions of collagen fibrils 

formed at various phosphate buffer concentrations and ionic strengths. A) 10mM 
phosphate and 168mM NaCl. B) 18mM phosphate and 296mM NaCl. C) 25mM 
phosphate and 402mM NaCl. Average fibril widths are in nm and standard deviations 
are shown. The number of fibrils measured was at least 50 for each sample. Scale bar 
is 0.5 µm. 
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Discussion 

Turbidity-time studies of collagen fibrillogenesis have shown that collagen aggregation is a 

multiple step process which is composed of a lag phase, growth phase and plateau phase. It has 

been proposed that collagen fibril formation is a nucleation and growth process. But the power 

dependence of t1/2 on collagen concentration of one indicates it is not the typical nucleation-

growth process. Since the nucleation-growth process of keratin assembly has a power value of 

about 3[60] and hemoglobin S assembly is 30 to 40[61]. A power dependence of one suggests 

simple growth by accretion[58]. Time-lapse AFM studies on fibril formation by Cisneros, DA et 

al. suggest that collagen self assembly is a multi-step process: at the first step, the collagen 

molecules assemble with each other to form aggregates; at the second step, those aggregates turn 

into microfibrils which have diameters of about 4 nm, then these microfibrils self assemble into 

fibrils through longitudinal and lateral packing.[62] These multiple processes can’t be directly 

examined by turbidity measurement since turbidity measurement can’t measure the formation of 

microfibrils due to its small size. Based on the microfibril model of the collagen fibril, the lag 

phase may be dominated by forming intermediate and linear growth of microfibrils, which are 

too small to be detected by turbidity while the turbidity increase measures primarily lateral 

assembly of microfibrils to fibrils.  

Self assembly of collagen type I molecules into fibrils is a temperature favored process 

which is thermodynamically favorable by a large positive entropy contribution, presumably 

arising from structural reorganization of the water during fibril formation[63, 64]. The 

importance of structured water in molecular interactions has been recognized and the interactions 

involving both polar and non-polar molecules in water can be stabilized by the large positive 

entropy contributions coming from releasing the structured water. Our studies on changing 

temperature for fibrillogenesis indicate low and high temperature inhibiting fibril formation. At 
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the low temperature, it is difficult to break the structured water and the repulsion between 

collagen molecules could not be overcome to form the fibrils. At the high temperature, partial 

denaturation of collagen triple helix also inhibits fibril formation. Temperature from 28 to 37°C 

is the suitable range for fibril formation without interrupting collagen’s triple helix structure.  

Phosphate appears to play a critical role in fibril formation beyond its capacity as a 

buffer[58]. Although phosphate inhibited the rate of fibril formation[65], its role cannot be only 

related to a rate effect, since 18mM is sufficient to produce well ordered native-banded fibrils. 

The nature of its interaction with collagen is not known, but it is necessary to add phosphate to 

trigger fibrils with native banding formation. Based on these results, phosphate at 18mM and 

302mM sodium chloride was included in all further experiments. The specific role of phosphate 

on fibril formation will be studied in more detail in Chapter 5. 

Conclusion 

The collagen fibril formation in pepsin-digested collagen extracted from bovine dermis has 

been followed by turbidimetric examination under a range of experimental conditions. All 

fibrillogenesis curves showed a lag period, followed by a quick growth phase. Both phases were 

accelerated by increasing collagen concentration and temperature. 

Collagen fibril formation is a temperature favored first order reaction and the activation 

energy is 167 kJ/mol. It is a multistep process which involves of nucleation, linear and lateral 

growth.  

Phosphate ions play a key role on forming native banded fibrils which can not simply be 

explained by buffer solution. The specific effects of phosphates will be investigated in Chapter 5. 
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CHAPTER 4 
INTERACTIONS BETWEEN IONIC SURFACTANT AND COLLAGEN ON FIBRIL 

FORMATION 

Introduction 

The surfactants, ionic or nonionic in nature, interact with protein which leads to significant 

changes in the bulk properties of protein solution. Sodium dodecyl sulfate (SDS), an ionic 

surfactant, has been generally used to denature protein for SDS-PAGE. SDS breaks up the two- 

and three-dimensional structure of the proteins by adding negative charge to the amino acids 

during heating. Through the like-charge repulsion, the proteins are more-or-less straightened out, 

immediately rendering them functionless. Alkyl sulphates, at concentrations below their critical 

micelle concentrations, (CMC) form complexes with human serum albumin and bovine serum 

albumin[66]. It is generally known that the formation of these complexes is accompanied by 

unfolding of the protein structure[66-68]. However, in some cases, the occurrence of the 

association between surfactants and bovine serum albumin has been observed without drastic 

conformational change[69].  

It has been reported that ionic surfactants can accelerate the rate of collagen 

fibrillogenesis[70]. However, the acceleration effects and how surfactants can influence the 

morphologies of collagen fibrils are not well understood. The addition of anionic surfactants (e.g. 

SDS) stimulated the initial stage of aggregation and the growth, while non-ionic surfactants with 

oxyethylene groups stimulated all stages of fibril formation and formed the thinner collagen 

fibrils at low concentrations of surfactants[70, 71]. Investigations on the adsorption of anionic  

and nonionic surfactants to collagen suggest multiple adsorption occurred and the adsorption of 

nonionic surfactant on collagen through the hydrophobic interactions[72]. The systematic study 

of the role of SDS in conformational transitions of collagen suggest that under the non-isoelectric 
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conditions, both the electrostatic and hydrophobic interactions happen while at isoelectric 

conditions, hydrophobic interactions are dominant.[73] 

Surface Tension Measurement 

There are many methods which can be used to measure the surface tension. A simple one 

is the Wilhelmy plate method[74]. The basic mechanism of Wilhelmy plate method is that a thin 

plate, such as a microscope cover glass or platinum foil, will support a meniscus whose weight is 

measured by detachment given very accurately by the “ideal” equation (assuming zero contact 

angle): 

𝛾𝛾 cos𝜃𝜃 = 𝑊𝑊𝑑𝑑𝑡𝑡𝑑𝑑𝑎𝑎𝑡𝑡 −(𝑊𝑊𝑝𝑝𝑡𝑡𝑎𝑎𝑑𝑑𝑒𝑒 −𝑏𝑏)
2𝑡𝑡

                                                                                               (4-1) 

Where γ is the surface tension, θ is the contact angle, Wtotal is the total weight to be 

measured, Wplate is the weight of platinum plate, b is the buoyance force, l is the length of plate 

(Figure 4-1). Normally, a platinum plate is used and contact angle is very small (θ→0), and the 

plate just touches liquid so the buoyancy is small which can be ignored.  

 

Figure 4-1 Illustration of surface tension measurement by Wilhelmy plate method.  

 

In this chapter, sodium dodecylsulfate (SDS) or sodium dodecylbenzenesulfonate (SDBS) 

were used to study the effects of ionic surfactants on collagen fibril formation. The interactions 

between surfactant and collagen were observed by turbidity and surface tension measurements. 
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The denaturation effect of surfactants on collagen and the specific interactions between 

surfactant and collagen were discussed. 

Materials and Methods 

Materials 

Purified type I collagen (97%) with the remainder being comprised of type III collagen was 

purchased as a solution of pepsin-solubilized adult bovine dermal collagen dissolved in 

hydrochloride acid with a concentration of 3.0 mg/mL (PureCol®, INAMED, Inc., Fremont, 

CA). 10x concentrate phosphate buffered saline (PBS) pH 7.4, sodium dodecylsulfate (SDS) and 

sodium dodecylbenzenesulfonate (SDBS) were purchased from Sigma. 

Surface Tension Measurement of Surfactants 

Surface tension was measured using the Wilhelmy platinum plate method (~5 cm 

perimeter) at 17±1°C. The Wilhelmy plate was washed by de-ionized water, methanol, acetone 

and water, then burned for 15 second to remove impurities. All aqueous surfactant solutions were 

kept at room temperature for at least 30 minutes before measurement in order to obtain stable 

data. Critical micelle concentrations (CMCs) were determined from the inflection points of the 

respective surface tension curves. The standard deviation for the experimental surface tension 

was less than 0.02mN/m. Surface tensions of surfactant in collagen solution were also measured 

in the same process.  

Turbidity Measurement 

To produce collagen fibrils, the chilled type I collagen solution was mixed with PBS at the 

ratio of 8:1 v/v and self-assembled with incubation at 30ºC for 2 hours. The pH of the solutions 

was mediated by adding 0.1M NaOH. The degree of the fibrillar assembly with the incubation 

time was recorded by measuring the transmittance at 400nm using a UV-Vis spectrometer 
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(Perkin-Elmer Lambda 800 UV/Vis spectrometer, Fremont, CA), equipped with a thermostat cell 

holder, and maintained at the desired temperature by water circulation.  

SEM Measurements of Collagen Fibrils 

The morphology of collagen gel was examined by scanning electron microscopy (SEM, 

Jeol, JSM-6335F). The freeze dried collagen samples were mounted on a stub and carbon coated. 

The morphologies were observed at an accelerating voltage of 15kV. 

Results 

Surface Tension Measurements 

In order to investigate the interactions bewteen surfactant and collagen molecules, the 

surface tensions of surfactants solution with/without collagen at room temperature were 

measured. It is known that surfactants can reduce the surface tension of water by absorbing at the 

air/water interface. They can also assemble into aggregates in the bulk solution that are known as 

micelles. The concentration at which surfactants begin to form micelles is known as the critical 

micelle concentration (CMC). As reported in the literature, the CMC value of surfactants 

decreases as the concentration of electrolyte increased since the electrolytes neutralize the charge 

around the micelle surface and reduces the thickness of the ionic atmosphere around the 

surfactant ionic heads and the electrostatic repulsions between them[75]. The decrease in the 

CMC of an ionic surfactant due to the effects of the electrolyte counter-ion can be quantified 

through the following empirical expression, developed by Corrin and Harkins[76]: 

icbaCMC loglog +=                                                                                               (4-2) 

where a and b are constants that mainly depend on the surfactant species and the 

temperature, and ci is the total counter-ion concentration. For SDS, Corrin et al. gave the 

following equation at 25°C based on the results determined by a spectrophotometric method[76]: 
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icCMC log458.0249.3log −−=                                                                                     (4-3) 

Fuguet et al. obtained a similar equation using a different method (conductometric 

measurements) [77]. They found that this equation can accurately predict the CMC of SDS 

obtained from experimental measurements: 

icCMC log486.0230.3log −−=                                                                                    (4-4) 

The surface tensions of SDS in MilliQ water and PBS were measured at room temperature 

(Figure 4-2). It displays the typical surfactant behavior in aqueous solution that lowers the 

surface tension of water by absorbing at the air-water interface. The reduction of the surface 

tension of SDS after the addition of PBS was observed. In order to check the accuracy of the 

measurements, the CMC values of SDS, which was calculated from inflection points in the 

figure, are listed in Table 1. Compared to the literature data, the CMC value is matched well with 

that of the literature: the CMC of SDS in MilliQ water is 10.5mM and in PBS is 1.1mM. The 

surface tensions of collagen solutions in PBS were 72.4mN/m (0.5mg/mL), 72.12mN/m 

(1.0mg/mL) and 69.43mN/m (2.5mg/mL) respectively, which is close to MilliQ water 

(72.88mN/m at 20°C). After adding collagen with concentration of 0.5, 1.0 and 2.5mg/mL 

respectively, a small reduction in the surface tension of SDS in collagen was observed without 

changing the CMC value. The surface tension of SDBS in water was also conducted and the 

critical micelle concentration of SDBS in PBS was found at 0.1mM.  
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Table 4-1. CMC values of SDS determined in salt solution. 
Electrolyte 

concentration 
(mM) 

CMC (mM) 
SDSa SDSb SDSc SDSd SDSe 

0 8.08 8.13 10.5   
5 6.09   6.38 7.73 
10 4.61   4.65 5.52 
15 3.84   3.86 4.53 
20 3.27   3.38 3.94 
30 2.73 3.12  2.81 3.24 
40 2.30   2.46 2.81 
50 1.99   2.22 2.53 
100  1.33  1.62 1.8 
168   1.1 1.28 1.4 
200  0.90  1.18 1.29 
400  0.55  0.86 0.92 
500  0.52  0.77 8.25 

a All values of CMC are from data in ref.[77], SDS in phosphate buffer (pH 7.0). 
b Value of CMC is from data in ref. [86], SDS in the presence of NaCl . The micelles in these 
solutions exist in the presence of monomeric detergent ions of concentration equal to the added 
electrolyte concentration plus the CMC. This only has an appreciable effect on the results for the 
solution containing no added salt. 
c Value of CMC is from our data measured by surface tension. 
d Calculated by equation (4-3) 
e Calculated by equation (4-4) 
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Figure 4-2. Surface tension of SDS in water, SDS in PBS and SDS in PBS mixed with collagen 

as a function of the concentration. 

Turbidity Measurements 

The effects of surfactants on the collagen fibril formation measured by turbidimetric 

method are shown from Figure 4-3 to Figure 4-6. In high concentration of collagen (2.5 mg/mL), 

the fibrillogenesis rate was accelerated by SDS from 0.1 to 0.5 mM(Figure 4-3). By increasing 

the concentration of SDS, the fibrillogenesis was significantly promoted and the final turbidity 

did not change with surfactant concentration. Moreover, the acceleration occurred in both lag 

and growth phases. Compare to the SDS on accelerating collagen fibril formation, SDBS also 

promoted the fibrillogenesis rate with increasing concentration from 0.1 to 0.5mM. (Figure 4-4) 

The early precipitation was also observed before incubation when the concentration of SDBS 

was higher than 0.1 mM. Since SDBS is more hydrophobic than SDS and has the CMC at 0.1 
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mM in PBS buffer, it is reasonable that precipitation results from the formation of SDBS 

micelles. During incubation, collagen fibrillogenesis occurred and the turbidity increased again 

in the presence of SDBS. Lower final turbidity was observed in high concentration of SDBS 

which might be resulted from collagen denatuation. 
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Figure 4-3. Turbidity measurements of collagen gelation (2.5mg/mL) in sodium 

dodecylsulfonate at the different concentrations. Thermometer temperature was 34°C. 
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Figure 4-4. Turbidity measurements of collagen gelation (2.5 mg/mL) in sodium 

dodecylbenzenesulfonate at the different concentrations. Thermometer temperature 
was 34°C. 

The effects of surfactant on collagen fibril formation at collagen concentration of 0.5 

mg/mL were also investigated. It was found that SDS accelerated the collagen fibril formation 

with increasing surfactant concentration from 0.1 mM to 1 mM but the final turbidity was 

appreciably decreased at high surfactant concentrations. (Figure 4-5) In 1 mM SDS, where the 

molal ratio of SDS to collagen is 600 considering the molecular weight of collagen of about 

300,000 g/mol, the collagen fibril formation occurred at the beginning of 15 minutes and then 

dissolved. These results indicate that the high concentration of SDS inhibits fibril formation by 

unfolding the collagen triple helix, even though the incubation temperature, 30°C, was below the 

body temperature. In the presence of SDBS, the stronger denaturation effect on collagen was 

observed (Figure 4-6) and collagen molecules could not form fibrils when the molal ratio of 
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SDBS to collagen was up to 200. At ratios below 200, a decrease on final turbidity was also 

observed even though acceleration on fibrillogenesis rate occurred. When in the high 

concentration of collagen (2.5 mg/mL) where the ratio of surfactant to collagen was in the range 

from 13 to 63, the final turbidity was not noticeably changed. As the molal ratio of surfactant to 

collagen increased, the inhibition on final turbidity significantly appeared. This inhibition effect 

on turbidity was also stronger in the presence of more hydrophobic surfactant. Hayashi and 

Nagai have observed similar results that 1.7 mM SDS inhibited the collagen fibril formation in 

the concentration of 1.2 mg/mL by denaturing collagen molecules while 0.14 mM SDS promoted 

fibril formation[71].  
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Figure 4-5. Turbidity measurements of collagen gelation in the presence of sodium 

dodecylsulfonate (SDS). Collagen concentration was 0.5mg/ml, thermometer 
temperature was 34 °C. 
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Figure 4-6. Turbidity measurements of collagen gelation (0.5mg/mL) in sodium 

dodecylbenzenesulfonate (SDBS) at the different concentrations. Thermometer 
temperature was 34°C. 

The Effect of Temperature and Activation Energy 

The effects of surfactant on collagen fibrillogenesis under different temperatures were 

conducted and plotted in Figure 4-7 and 4-8. The increase of temperature accelerated the 

collagen fibrillogenesis which is consistent with data in Chapter 3, since collagen fibril formation 

is an endothermic process which is made thermodynamically favorable by large positive entropy 

of precipitation associated with structural changes. The final turbidity of fibrils did not change 

with increasing temperature, indicating no inhibition of fibril content was detected. The 

Arrehenius equation for the effect of temperature on the rate of fibril formation under the 

surfactants of SDS and SDBS was plotted and activation energies were calculated from the 

slopes. Without surfactant, the activation energy of fibril formation of type I collagen is 167.6 
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kJ/mol. By adding 0.1 mM SDS or SDBS, the activation energies are reduced to 153.6 and 114.7 

kJ/mol respectively.  

 
Figure 4-7. Temperature effects on collagen fibril formation in SDS. The concentration of SDS is 

0.1 mM, Collagen is 2.5 mg/mL, pH7.4 
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Figure 4-8. Temperature effects on collagen fibril formation in SDBS. The concentration of 

SDBS is 0.1 mM, Collagen is 2.5 mg/mL. pH 7.4 
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Figure 4-9. Photograph of shaked collagen gels formed in surfactants. A) Collagen fibril bundles 

formed without surfactant. B) Collagen fibril bundles formed in 0.1 mM SDS. C) 
Collagen gel clots formed in 0.35 mM SDS. D) Collagen gel clots formed in 0.5 mM 
of SDS. E) Collagen gel clots formed in 0.1 mM SDBS. F) Collagen gel clots formed 
in 0.35 mM SDBS. G) Collagen gel clots formed in 0.5 mM SDBS. 

Morphology of Collagen Fibrils 

Reconstituted collagen fibrils are generally composed of a random mesh of collagen fibrils 

and more than 95% of excess fluid. It has been observed that the fluid was a result of the casting, 

and can be expelled out by plastic compression[78]. Except for the fibrils and fluid, insoluble 

collagen, insoluble random coiled network and the soluble random coiled collagen can also 

appear depending on the incubation temperature and stability of collagen[73]. In the conditions 

where collagen was destabilized, the increase of temperature led to fibrils re-dissolving, collagen 

unfolding and partial denaturation. The appearance of non-fibrillar collagen influences the 

mechanical properties of collagen gel. In our experiments, we got the similar collagen gels when 

surfactants were added before fibril formation. However, when the gels were shook, the broke 

collagen gels presented the different macro-scale morphologies as showed in Figure 4-9. The 

bundles of fibrils can be directly visualized when no surfactant was added, as well as in the 
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presence of 0.1mM SDS. However, with increasing concentrations of surfactant SDS and SDBS, 

the collagen gel clots appeared instead of the fibrils bundles. The difference of shaken gels in the 

presence of surfactant might be the result of non-fibrillar collagen. The ultrastructure of collagen 

fibrils with different surfactants were also analyzed by SEM (Figure 4-10). Native fibrils were 

present in all the samples and non-fibrillar collagen was also observed. The addition of the 

surfactants made the collagen fibrils more compact due to the appearance of non-fibrillar 

collagen. In the magnified collagen fibrils in Figure 4-10H, the characteristic D-periodicity was 

well observed which suggests that surfactants do not change the mechanism of collagen self-

assembly into native fibrils.  
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Figure 4-10. SEM images of collagen fibrils formed in the presence of surfactants. A) Fibrils 

formed in PBS buffer without surfactant. B), D) and F) Collagen fibrils formed in 
0.1mM, 0.35mM and 0.5 mM SDS respectively. C), E) and G) Fibrils formed in 
0.1mM, 0.35 mM and 0.5 mM SDBS respectively. H)The magnified collagen fibrils 
formed in 0.5 mM SDS. Scale bars in H 100 nm, others are 1 µm. 
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Discussion 

Interactions between Collagen and Surfactants 

The effect of the presence of various electrostatic and hydrophobic surfactants on collagen 

fibrillogenesis has already been extensively studied in literature[65, 70, 71, 73, 79]. However, 

how could the interactions influence the collagen fibrils formation is not well understood. It has 

been reported that the rate of collagen fibril formation was accelerated remarkably in the 

presence of 0.1 mM SDS or 1-10 mM non-ionic surfactants with polyoxyethylene groups[70]. 

The acceleration on the lag phase of fibril formation and subsequent acceleration of the growth 

of collagen fibrils, and fibrillogenesis rate with more hydrophilic polyoxyethene chains suggests 

the occurrence of interactions between the hydrophilic chains of the non-ionic materials and 

collagen molecules[70, 80]. The electrostatic and hydrophobic interactions between ionic 

surfactants and collagen have been reported[70, 72].The interactions between ionic surfactant 

and collagen depend on the charges of collagen[81]. In high or low pH solution when collagen 

molecules are highly ionized, the interactions between collagen and ionic surfactant molecules 

are attributed primarily to the electrostatic attraction between head groups of surfactant and 

lysine and arginine residues of the collagen molecules. In the condition where collagen 

molecules are neutralized, e.g. at its isoelectric point, the major interactions between collagen 

and ionic surfactants are the hydrophobic interactions between hydrocarbon chains of surfactant 

and hydrophobic amino acid residues of collagen. 

In our studies, collagen molecules were dissolved at pH7.4 in PBS, the hydrophobic 

interactions between surfactants and collagen molecules might be the major one during fibril 

formation. The existence of variant amino acid side groups on collagen molecules suggests the 

possibility of interactions between them and small molecules containing hydrocarbon chains or 

hydrophilic groups. That binding effect regulates the collagen fibril formation and fibrils 
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structure. Through the study of surface tension of SDS, only weak interactions between the 

surfactant and the collagen were seen before fibrillogenesis, despite the fact that the 

SDS/collagen molal ratio from the solution concentrations is relatively high (12 or greater). 

These results are consistent with results from the literature which observed no interaction 

between collagen and nonylphenol poly(oxyethylene) in aqueous solution[72] or between 

collagen and pluronic PE 6800 in PBS solution[82]. Before collagen fibrillogenesis, collagen 

molecules are hydrated, the helical structure of collagen around H2O can not be interrupted by 

the surfactant. However, during collagen fibril formation where the structured water molecules 

around collagen are broken, the exposed amino acid side groups interact with nearby surfactants 

or collagen. The turbidity measurements in 2.5 mg/mL collagen indicate that the interaction was 

more related to the hydrophobic property since SDBS has a stronger acceleration effect than 

SDS. 

Even though surfactants accelerated the fibrillogenesis rate both in the lag and growth 

phase in the high concentration of collagen (2.5mg/mL), the denaturation effects of surfactants 

on low concentration of collagen have also been observed. The adsorption of surfactants on 

collagen destabilizes the collagen triple helix. Collagen molecules within the fibril are 

substantially more thermally stable than the same molecules in diluted solution[83, 84]. Collagen 

molecules in solution also undergo unfolding close to the body temperature of the species from 

which the molecules are extracted[85]. It is possible that denaturation of collagen molecules in 

the presence of surfactant occurred which influences the kinetics of fibril formation. In fact, the 

remarkable acceleration effect of surfactants on collagen fibril formation suggests there are some 

specific interactions between surfactants and collagen molecules. Since a very small amount of 

surfactant can greatly affect collagen fibril formation, surfactant molecules may bind strongly to 



 

67 
 

collagen molecules during fibril formation as in the case of most globular proteins[69]. The 

morphology studies indicate the non-fibrillar collagen appeared and increased with increasing 

surfactant concentration. Moreover, collagen molecules are completely denatured at a high ratio 

of surfactants, where no fibrils were formed. It is possible collagen molecules which are bound 

by ionic surfactants are more easily denatured and the denatured collagen molecules do not take 

part in forming native fibrils. 

Conclusion 

Self assembly of Collagen molecules into fibrils is an endothermic process and it has been 

thought that hydrophobic interactions play the dominant role. We intended to introduce ionic 

surfactant to collagen fibril formation. At room temperature, there was no significant appearance 

of interactions between surfactants and collagen since collagen molecules were fully hydrated 

and neutralized. As the temperature increased, we propose that surfactant molecules bind to 

collagen which accelerated the fibril formation. The strong binding occurred through 

hydrophobic interactions between surfactants and collagen molecules by forming collagen-

surfactant complexes. Those collagen molecules bound by surfactants are possibly denatured and 

do not form the native fibrils. 
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CHAPTER 5 
PH EFFECTS ON COLLAGEN FIBRILLOGENESIS IN VITRO: ELECTROSTATIC 

INTERACTIONS AND PHOSPHATE BINDING 

Introduction 

As the primary structural protein in connective tissues, type I collagen is a major 

component of tendon, cartilage, ligament, skin, cornea and bone. It forms insoluble networks of 

fibrous bundles which act as scaffolding, providing shape and support in the body. Moreover, it 

is capable of being mineralized in vertebrate tissues, offering mechanical support and strain 

energy storage in bone[44, 87, 88]. As a potential biomimetic material, design and mimicry of 

mineralized collagen has attracted much attention[89-92]. Comprehensive information about the 

mechanism of collagen fibrillogenesis is required with respect to improving the design of 

collagen-based materials, as well as exploring their functional properties in biological systems. 

Type I collagen is a triple helix consisting of three left-handed polyproline peptide chains 

intertwined in a right-handed manner. Self assembly of soluble collagen into fibrils with 

characteristic D-periodicity in vitro was observed more than 50 years ago[93]. The D-periodicity 

is described as consecutive domains consisting of 234 amino acid residues, and can be observed 

via electron microscopy[94] and X-ray diffraction[95, 96]. It has been found that the conditions 

for the formation of native type fibrils are in the pH range of 5.0-8.5, ionic strength between 0.1 

and 0.8, and temperatures between 15 and 37°C[40, 49, 97, 98]. Subsequent studies also indicate 

pH, temperature, ionic strength, ion species, surfactants, saccharides, and the removal of the 

nonhelical ends of collagen have a strong influence on modifying collagen fibril formation[49, 

65, 99, 100]. Mechanisms of forming D-periodicity during fibril formation are still not well 

understood. Collagen fibrillogenesis is a thermally driven process which is favored by a large 

positive entropy contribution due to the displacement of structured water around collagen 

molecules[64]. Hydrophobic interactions between non-polar regions of adjacent molecules are 
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the predominant effect governing collagen fibril formation due to the negative temperature 

coefficient of collagen solubility and the endothermic nature of in vitro fibrillogenesis[64, 101]. 

It has also been reported that the collagen fibrillogenesis is driven by hydrogen bonding between 

polar residues through direct measurement of forces between collagen molecules[102]. Early 

electron microscopic investigations and theoretical models indicate the highest polar and 

hydrophobic contact is achieved when molecules were shifted against each other by the distance 

of 234 amino acid residues[103]. In fact, the ionized residues along collagen regulate the stability 

of the collagen triple-helix; the pH of the medium affects the stability of collagen fibrils, as well 

as the diameter and the D-periodicity of fibrils[65, 104-108]. However, the effect of electrostatic 

interactions on collagen self-assembly is still unclear. It has been reported that divalent 

phosphate ions binding on collagen molecules appear to form salt bridges within regions of high 

excess positive charge in collagen fibrils[109]. Charges on ionizable groups whose charging is 

pH-dependent take part in electrostatic interactions. The salts which bind to the collagen might 

also affect the electrostatic interactions. The occurrence of salt bridges indicates that the effect of 

pH on fibrillogenesis is not due to electrostatic interactions alone.  

Therefore, in order to choose proper conditions to create the desired morphology of 

collagen fibrils and study the underlying mechanism of collagen fibrillogenesis, the kinetics of 

fibril formation and the subsequent morphologies of fibrils were examined under the different 

pH conditions of the medium. Further, the surface charge of soluble collagen as a function of pH 

was measured and correlated with the fibrillogenesis process. The results were analyzed in 

relation to the possible intermolecular interactions. 
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Zeta Potential and Electrical Double Layer 

Electrical Double Layer 

It is well known that most solid surfaces in aqueous are electrostatic charged, i.e., an 

electrical surface potential. When the liquid contains a certain amount of ions, the electrostatic 

charges on the solid surface will attract the counterions in the liquid. Thus, an electrical double 

layer is formed in the region of the solid-liquid interface. As illustrated in Figure 5-1, this double 

layer consists of two layers: a stern layer that includes counter-ions bound relatively tightly to 

the surface, normally about several angstroms thick. Because of the electrostatic attraction, the 

counter-ion concentration near the solid surface is higher than that in the bulk liquid far away 

from the solid surface. The concentration of co-ions is lower than that in the bulk liquid due to 

the electrical repulsion. So there is a net charge in the region close to the surface. From the stern 

layer to the uniform bulk liquid, the net charge density gradually reduces to zero. Ions in this 

region are less affected by electrostatic interactions and are mobile. This layer is called the 

diffuse layer. The thickness of the diffuse layer depends on the concentration of bulk ions and 

the electrical properties of the liquid and usually ranging from several nano meters to several 

micrometers. The boundary between the compact layer and diffuse layer is called as shear plane. 

The electrical potential at the shear plane is called the zeta potential, ζ and can be measured 

experimentally since the electrical potential at the solid-liquid interface is difficult to measure 

directly. 

The electric potential Ψ(X) in the diffuse layer decays over the distance of the order of the 

Debye length 1/κ from the shear plane. For a general electrolyte condition, κ is defined by 

𝜅𝜅 = � 𝑁𝑁𝐴𝐴𝑒𝑒2

𝜀𝜀0𝜀𝜀𝑟𝑟𝑘𝑘𝐵𝐵𝑅𝑅
∑ 𝐶𝐶𝑖𝑖𝑍𝑍𝑖𝑖2𝑛𝑛
𝑖𝑖=1 �

1/2
                                                                                          (5-1) 
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where εr is the relative permittivity (dielectric constant) of the solution, ε0 is the 

permittivity of free space, kB is the Boltzmann constant, T is the absolute temperature, e is the 

elementary charge, NA is Avogadro’s number, Ci is the molar concentration of the i-th ion 

(mol/L), and Zi is the charge number of the i-th ion. 

 

 

Figure 5-1. Illustration of an electrical double layer at a solid-liquid interface. A) ion distribution; 
B) electrical potential distribution 
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In an electric field, such as in microelectrophoresis, each particle and its most closely 

associated ions move through the solution as a unit, and the potential at the surface of shear plane 

between this unit and the surrounding medium is known as the zeta potential. Zeta potential is 

therefore a function of the surface charge of the particle, any adsorbed layer at the interface, and 

the nature and composition of the surrounding suspension medium. It can be experimentally 

determined and, because it reflects the effective charge on the particles and is therefore related to 

the electrostatic repulsion between them, the zeta potential has proven to be extremely relevant 

to the practical study and control of colloidal stability and flocculation processes. 

Zeta Potential 

Zeta Potential is the electrical potential that exists at the "shear plane" of a particle, which 

is some small distance from its surface. Zeta Potential is derived from measuring the mobility 

distribution of a dispersion of charged particles as they are subjected to an electric field. Mobility 

is defined as the velocity of a particle per electric field unit and is measured by applying an 

electric field to the dispersion of particles and measuring their average velocity. Depending on 

the concentration of ions in the solution, either the Smoluchowski (for high ionic strengths) or 

Huckel (for low ionic strengths) equations are used to obtain the Zeta potential from the 

measured mobility.  

Smoluchowski’s Equation 

The electrophoretic mobility µ of a particle moving with a velocity U in an electrolyte 

solution in an applied electric field E is given by the ratio U/E. The most widely employed 

formula relating the electrophoretic mobility µ of a particle to its zeta potential ζ is 

Smoluchowski’s formula,  

𝜇𝜇 = 𝜖𝜖𝑟𝑟𝜀𝜀0
𝜂𝜂
𝜁𝜁                                                                                                                        (5-2) 
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Here, εr and η are the relative permittivity and the viscosity of the electrolyte solution, 

respectively, and ε0 is the permittivity of a vacuum. The zeta potential ζ is defined as the 

potential at the plane where the liquid velocity µ relative to the particle is zero. This plane is 

called the slipping plane or shear plane. The slipping plane does not necessarily coincide with the 

particle surface. Only if the slipping plane is located at the particle surface, does the zeta 

potential ζ become equal to the surface potential Ψ0 which happens at low concentration of 

electrolytes. In the studies, we treated ζ= Ψ0. 

Smoluchowski’s equation was derived on the basis of approximations. This equation is 

valid for large particles irrespective of their shape and the dimension of the particle is much 

larger than the Debye length 1/κ, and the surface of the particle can be considered to be locally 

planar. For a sphere with radius α, this condition is expressed by κα>>1. 

Hückel’s Equation 

The electrosphoretic mobility of very small sphere (κα<<1) is given by Hückel’s equation: 

𝜇𝜇 = 2𝜀𝜀𝑟𝑟𝜀𝜀0
3𝜂𝜂

𝜁𝜁                                                                                                                       (5-3) 

The difference between Smoluchowski’s equation and Hückel’s equation is by a factor of 

2/3. Most electrolyte ions in the double layer experience an undistorted original field for the 

thick double layers (κα<<1). However, for the thin double layers (κα>>1), most electrolyte ions 

in the double layers experience a distorted field. This is the reason why Smoluchowski’s 

equation differs from the Hückel equation by 2/3. 

For a cylindrical particle, the electrophoretic mobility is related to the orientation of the 

particle with respect to the applied electric field. When the cylinder is oriented parallel to the 

applied electric field, its electrophoretic mobility µ is given by Smoluchowski’s equation (5-1). 

When the cylinder is oriented perpendicularly to the applied field, then the mobility depends not 
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only on ζ but also on the value of κα. It has been showed that f(κα) for a cylindrical particle of 

radius α oriented perpendicularly to the applied field is given below: 

𝜇𝜇┴ = 𝜀𝜀𝑟𝑟𝜀𝜀0
𝜂𝜂
𝜁𝜁𝜁𝜁(𝜅𝜅𝜅𝜅)                                                                                                              (5-4) 

With  

𝜁𝜁(𝜅𝜅𝑎𝑎) = 1
2
�1 + 2

�1+ 2.55
𝜅𝜅𝜅𝜅 (1+exp (−𝜅𝜅𝜅𝜅 ))�

2�                                                                                (5-5) 

As κα→∞, f(κα)→1 and equation 5-4 gives Smoluchowski’s equation, while κα→0, 

f(κα)→1/2. Even though, the collagen molecule has cylinder shape which is about 300 nm long 

and 1.5nm in diameter as reported, the collagen in aqueous solution are relatively flexible[110] 

and we are going to treat as particle and use Smoluchowski’s equation for the measurements. 

Materials and Methods 

Materials 

Purified type I pepsin-treated adult bovine dermal collagen (97%, with the remainder 

comprised of type III collagen) dissolved in 0.012N hydrochloric acid was purchased as a 

solution with concentration of 2.9 mg/ml (PureCol®, INAMED, Inc., Fremont, CA). 10-fold 

concentrated phosphate buffered saline (PBS) pH 7.4 was purchased from Sigma. 

Turbidity Measurements of Fibrillogenesis  

To produce collagen fibrils, the chilled type I collagen solution was mixed with 10-fold 

PBS at the ratio of 4:1 v/v on ice. The pH of each solution was adjusted by adding enough 0.1 M 

NaOH to reach the desired pH, resulting in a final concentration of 2.1 mg/ml collagen in buffer 

solution with 18 mM sodium phosphate and 283 mM sodium chloride. The samples were then 

sealed in 1.5 ml vials and thermostated at 30 °C. The degree of fibril formation with incubation 

time was recorded by measuring the absorbance at 400 nm using a UV-Vis spectrometer (Perkin-
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Elmer Lambda 800 UV/Vis spectrometer, Fremont, CA), equipped with a thermostat cell holder, 

and maintained at the desired temperature by water circulation. 

Electron Microscopy of Collagen Fibrils 

The collagen fibrils with D-periodicity were viewed by transmission electron microscopy 

(TEM; TEM 200CX, JEOL) using an accelerating voltage of 80 kV. TEM samples were 

prepared by placing the collagen suspensions on copper grids with 200 mesh size and removing 

excess water by placing a piece of filter paper at the edge of the grid. Then, the fibrils were 

negatively stained with 1% phosphotungstic acid solution at pH 7.4 for 15 seconds. The stained 

grids were rinsed with MilliQ water (deionized water, R=18 MΩ cm; Millipore Billerica, MA) 

and air dried. The collagen fibrils were also examined by scanning electron microscopy (SEM, 

JEOL, JSM 6400). The freeze dried collagen samples were mounted on stub and carbon coated. 

The morphologies ware observed at an accelerating voltage of 15 kV. 

Image Analysis of Fibrils from TEM 

Image analysis of collagen fibrils was performed using NIH ImageJ software version 1.38 

developed at the National Institutes of Health (Bethesda, MD). For each sample, at least five 

TEM images were randomly captured with magnification of 20,000 and at least 30 different 

fibrils were selected from each image. The fibril size was measured to generate histograms of 

fibril frequency vs. fibril diameter with x-axis representing the fibril diameter and y-axis 

representing the number of fibrils in each interval. The D-periodicity of fibrils was also 

estimated from the TEM images. To obtain average D-periodicities, 150 measurements were 

taken for each fibrillogenesis condition and averaged. Each measurement consisted of averaging 

5 periodicities on a fibril. 
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Zeta Potential Measurement of Collagen Solution 

The determination of zeta (ζ) potential was performed using a Brookhaven ZetaPlus. A 

solution of type I collagen was diluted to 0.5 mg/ml in 12 mM HCl with MilliQ water and 

sonicated for 5 min. The pH of the solution was measured with pH paper and adjusted to the 

desired value within the range of 3 to 11 by adding 0.1 M NaOH. The zeta potential 

measurement was carried out at 17 ºC immediately after pouring 2 mL of freshly prepared 

solution into a plastic cuvette in order to avoid gel formation. Zeta potential was calculated using 

the Smoluchowski’s equation. 

Results  

Turbidity Measurement at Different pH 

The kinetics of type I collagen fibrillogenesis was determined by turbidity measurement. 

As shown in Figure 5-2 the turbidity vs. time curves of collagen fibrillogenesis were sigmoidal 

curves with a lag phase before the onset of the turbidity increase and a plateau phase after the 

growth phase. In our study, it takes more than one day to achieve completion of fibrillogenesis 

due to the relatively high concentration of ions while a short time is needed in one fold PBS[49, 

56]. An apparent retardation in growth phase, as evidenced by an intermediate plateau, was 

found from pH 6.9 to pH 9.2 and the highest fibrillogenesis rate and optical density was achieved 

at pH 9.2. At low pH (pH 6.5) and high pH (pH10.5), where fibril formation was strongly 

inhibited, the fibrillar gel was of relatively weak strength. 
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Figure 5-2. Turbidity measurements of collagen fibrillogenesis at different pH. Collagen 
concentration is 2.1 mg/ml in 18mM phosphate, 283 mM sodium chloride. 

Fibril Morphologies  

The morphologies of collagen fibrils varied widely depending on the pH condition. Fibrils 

with characteristic D-periodicity were present in TEM images (Figure 5-3). Fibrils with variable 

size were formed at low pHs, where in the presence of the large fibrils, many small fibrils with 

no D-periodicity were detected. With increasing pH, the fibrils were more uniform and 

interwoven into a network. SEM data were consistent with TEM images (Figure 5-4). When 

fibrillogenesis was highly inhibited, in the range from pH 6.0 to pH 6.9, the gels were composed 

of more nonfibrillar collagen. The more highly fibrillogenesis was inhibited, the greater the 

amount of nonfibrillar collagen. From pH 7.1 to pH 10.0, no apparent difference was found in 

SEM results.  
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Figure 5-3. TEM images of self-assemble collagen fibrils after three days of fibrillogenesis. The 
inserts in the lower right hand corner of each image show a magnified view of a 
single fibril to highlight the banding pattern. Scale bar 500 nm. 
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Figure 5-4. SEM images of collagen fibrils obtained in different pH conditions. The fibrils form 
branched networks with non-fibrillar collagen. Scale bar is 10µm for all the images. 
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Fibril diameter distributions measured from TEM images are summarized in Figure 5-5 

and only fibrils with size larger than 45 nm are counted. No data were collected at pH 6.0 for one 

day since the fibrils can not be visualized. Small fibrils with diameter approximately 85 nm were 

obtained at pH 6.6 after three days of fibrillogenesis. The final fibrils have a constant diameter of 

approximately 200 nm at pHs between 6.9 and pH 8.0 in spite of the remarkable difference in the 

fibrillogenesis rate. An increase of diameter as a function of time was found at pHs between 6.9 

and 7.3 while no obvious change in fibril size was found at pH 8.0 since the fibrillogenesis was 

finished within one day.  
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Figure 5-5. Histograms of diameter distribution from pH 6.6 to 8.0. X-axis is diameter in nm, Y-
axis is the frequency. Average diameters and standard deviations are in unit of nm.  

D-Periodicity Measurements 

It is worth measuring D-periodicity of reconstituted fibrils since the presence of native D-

periodicity is believed to be important for the mechanical and biological functions of collagenous 

matrix[111, 112]. Fibrils with native D-periodicity also play an important role in 

mineralization[112]. The reported D-periodicity is near 67.0 nm for wet tissues and 64.0 nm for 

air dried samples[113]. Skin tissues have a banding length of 65 nm in the wet state[114]. As 

summarized in Table 5-1, the average D-periodicity after three days of fibrillogenesis was 
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approximately 62 nm which matches well with native D-periodic banding length since our 

samples are dehydrated collagen fibrils reconstituted from calf skin. Two unusual D-periodicities 

appeared at pH 7.1 after one and two days, which had an average D-periodicity of 50 nm and 54 

nm, respectively.  

Table 5-1 D-periodicity of collagen fibrils at various pHs and fibrillogenesis times.  
pH D-periodicity (nm) 

One day Two days Three days 
6.9 60.4±7.8 64.9±3.8 62.1±5.7 
7.1 50.5±4.5 54.3±9.1 62.3±6.0 
7.3 65.8±7.6 64.0±6.7 62.2±3.6 
8.0 62.4±5.3 62.5±5.1 61.6±4.4 

Electron micrographs were taken at a constant magnification of 37,000. Each value in the table is 
the mean ± standard deviation for 150 D-periodicity measurements. 

 
Surface Charge Measurement 

To study the electrostatic interactions of collagen during fibrillogenesis, we measured the 

zeta potential of collagen molecules in aqueous solution. Collagen molecules are less soluble at 

the isoelectric point (pI) and therefore favor fibril formation. Collagen is reported to have an 

isoelectric point (pI) of pH 9.3, which was determined in the absence of other electrolytes[115]. 

However, it has been found that the pI was affected by adsorption of ions. Jackson and 

Neuberger observed the shift of the isoelectric point to lower pH with increasing ionic strength 

due to the preferential binding of the anions of aldolase in gelatin[116]. Freudenberg et al. 

[117]found a shift from pH 7.5 to 5.3 with increasing ionic strength of KCl while, in the presence 

of CaCl2, the isoelectric point shifts to more basic pH. The shift of pI in different electrolyte 

conditions indicates it is difficult to quantify the surface net charge directly. As shown in Figure 

5-6, the pH corresponding to the pI of soluble collagen was 9.2 in 12 mM of NaCl which is 

consistent with the pI in the absence of salts[116]. However, when 10 mM Na2HPO4 was added, 

the pI shifted to pH 7.5. Since in zeta potential measurement the surface charge is measured at 
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the slip plane, the shift of pI with added salts might be due to the preferential adsorption of 

phosphate ions to the surface of collagen. 

 
Figure 5-6. Zeta potential measurement of surface charge of soluble collagen as a function of pH. 

 

Discussion 

Collagen Fibrillogenesis 

The growth of collagen fibrils in vitro is a time-dependent process. When monitored by 

changes in turbidity, it consists of three major phases: a lag phase, in which there is no change in 

turbidity; a growth phase, when turbidity rapidly increases; and a plateau phase where turbidity 

stops increasing. Ultrastructural studies of the lag and early-growth phase using laser light 

scattering and atomic force microscopy have revealed the fibril formation is a multistep 

process[52, 62], where a number of different intermediates are formed during the early-growth 
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phase. These ultrastructural studies have further suggested that addition of these intermediate to 

the ends of microfibrils results in linear growth, while lateral growth occurs through fusion of 

microfibrils. These two processes appear to occur simultaneously. In our study, the process of 

how collagen molecules self-assemble into fibrils was well observed by the combination of 

turbidity measurement and morphology examination. In the turbidity measurement, lag, growth 

and plateau phases are observed from pH 6.6 to pH 9.2. Further examination of fibril size 

indicated that obvious lateral growth occurred during the growth phase, as evidenced by either 

the increase in average diameter with time or a shift in the distribution of diameters. 

Surprisingly, an inhibition in the growth phase was observed as an intermediate plateau during 

growth for some fibrillogenesis conditions. A similar phenomenon has also been reported where 

no difference before and after the intermediate plateau was found in AFM examination[118]. 

Collagen fibril formation is a multistep process which involves molecular packing into an 

ordered structure. Type I collagen is unstable and partial denatured within a couple of days at 

body temperature[119]. The occurrence of denaturation during fibrillogenesis seems to inhibit 

fibril growth in all our case since a longer fibrillogenesis time was used. In addition, our TEM 

and SEM images show the presence of amorphous collagen which further indicates some 

inhibition of fibrillogenesis. 

Electrostatic Effects 

A number of studies have been carried out on the mechanism of collagen fibril formation 

in vivo and in vitro[49, 104, 108, 120-122]. The aggregation of collagen monomers is controlled 

to a significant degree by electrostatic interactions. To discuss the effect of electrostatic 

interactions, the length scale over which electrostatic interactions occur (Debye screening length 

κ-1) is taken into account. The Debye length is the characteristic distance over which the 

electrostatic potential near a charged entity decays. Using Equation 5-1, the Debye length κ-1 of 
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soluble collagen is reduced from a theoretical maximum of ~970 nm in pure water to less than 

0.6 nm under our electrolyte condition. The distance between the surfaces of two collagen 

monomers in fully-hydrated reconstituted collagen fibrils is approximately 0.5 nm[123], and so 

the electrostatic interactions only become important when the monomers are aggregated to form 

fibrils. 

Fibrillogenesis is a thermally driven process which is favored by hydrophobic interactions. 

When the pH approaches the pI, the surface charge of the collagen monomers is reduced, which 

would minimize the electrostatic repulsion and favor collagen molecule aggregation. A strong 

influence of the ion species on the surface charge on collagen was found in our zeta potential 

measurement. This shift might be the result of preferential adsorption of phosphate ions. 

Weinstock et al observed binding of ~6 phosphates per collagen molecule at 100 mM NaCl and 

~20 phosphates at low NaCl concentration[124]. In our system, the pI of collagen is pH 9.2 in 12 

mM NaCl while it is at pH 7.4 in 12 mM NaCl and 10 mM Na2HPO4. Correspondingly, in the 

presence of 18 mM phosphate and 283 mM NaCl, which we used for fibril formation, it is 

reasonable that the pI of collagen is around pH 9.2 due to less phosphate binding in the presence 

of high concentration of NaCl, as shown by Weinstock et al[124]. Unfortunately, zeta potential 

measurements could not be conducted under the conditions used for fibrillogenesis because the 

high ion concentration interferes with the measurement. The fibrillogenesis rate accelerated by 

increasing pH from 6.0 to 9.2 and then decreased, which is consistent with a reduction in the net 

charge on the collagen molecules as the pI is approached.  

When fibril formation was accelerated by increasing pH from pH 6.9 to 8.0, there is no 

difference in the final fibril diameter. This phenomenon suggests that fibril size has no direct 

relationship with the rate of fibrillogenesis. Even though there is a difference in pH conditions 
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from pH 6.9 to pH 9.2, it does not appear that the resulting change in surface charge affects the 

size of the fibrils. 

D-periodicity 

The presence of a periodic banding pattern along a fibril is the distinguishing feature of 

collagen fibrils from other structures in connective tissues. The observed D-periodicity after 

fibrillogenesis in our results is in agreement with that of native collagen fibrils, which typically 

have a D-periodicity ranging from 62 to 67 nm depending on the source of collagen and sample 

preparation[125, 126].  

Smaller D-periodicity was observed at pH 7.1 at one and two days. Less than 56 nm 

banding was also reported from tendon, cornea, skin, liver, and reconstituted fibrils[127-131]. 

The presence of a small amount (15%) of type III collagen in skin was proposed to account for 

the unusual periodicity, since type III is associated with type I collagen in skin while bone 

consists of almost 100% type I collagen[113, 114]. However, the presence of short D-periodicity 

reported in the early growth of tendon and reconstituted fibrils[127, 129] cast doubt on this 

proposal since tendon consists of 100% of type I collagen while reconstituted collagen consists 

of 97% type I collagen. The binding of chondroitin sulfate associated with rat tail tendon[132], 

the binding of dermatan sulfate associated with skin,[114] and the cleavage of nonhelical 

telopeptide by pepsin treatment of reconstituted fibrils[127] have also been proposed to account 

for the unusual D-periodicity. Since pepsin treated collagen molecules have a shorter length than 

native collagen due to partial cleavage of non-helical telopeptides, the specific binding of 

phosphate in a similar manner as chondroitin sulfate and dermatan sulfate may alter the charge 

distributions and water binding, permitting a somewhat shorter length for the molecule leading to 

a shorter banding. Our data also shows that normal banding was found at the final stage of fibril 

formation, suggesting that native D-periodicity is the most stable state and that the shorter D-
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periodicity is a transient structure that occurs during the growth process. However, we can not 

yet provide a specific structural model to explain the short banding.  

Conclusion 

The rate of collagen fibrillogenesis is affected to a significant degree by electrostatic 

interactions and its optimal fibrillogenesis was achieved when pI of soluble collagen was 

approached. However, those electrostatic interactions have a weak effect on fibril size and 

morphology. The surface charge measurement indicates that phosphate binding has a great effect 

on electrostatic interactions. The average D-periodicity was 62 nm with two notable exceptions 

at pH 7.1. We propose that the unusual D-periodicity (50 and 54 nm) might come from altered 

alignment of molecules due to the change of surface charge.  
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CHAPTER 6 
THE FORMATION OF NATIVE FIBRILS INDUCED BY DIVALENT IONS 

Introduction 

For more than 50 years, the fibrillogenesis of type I collagen has been intensively studied 

in vitro[49, 97, 133]. This has lead to the reproducible procedures for the production of collagen 

fibrils with the essential native banding pattern found in biological tissues. Collagen fibril 

formation is a thermally driven process which is favored by a large positive entropy contribution 

due to the release of structured water molecules[64]. Non-covalent forces including Coulombic, 

van der Waals and hydrophobic forces play important roles in fibril formation. Although a 

neutral pH and a physiological condition are generally used for collagen fibril formation, the 

underlying effects of salts on fibril formation are not completely understood. Our surfactant 

studies on collagen self assembly into fibrils indicate that the introduction of hydrophobic 

interaction could not facilitate fibril formation. The pH and phosphate studies have indicated that 

pH and phosphate play a significant role on forming native fibrils. The question is whether the 

phosphate can be replaced by another buffer or salt? What is the critical factor on forming the 

native fibrils? 

Salts can modulate the conformation of collagen molecules and the electrostatic 

interactions[117, 134]. The importance of pH and ionic strength for the thermal stability of 

collagen has been demonstrated by several authors. The stability of collagen in solution 

correlates with both the type of salt and the pH[135-137]. For CaCl2 a decrease in thermal 

stability of soluble collagen with increasing salt concentration was observed in the physiological 

pH range while the thermal stability was reported to increase with increasing ionic strength at pH 

2.3. In the case of KCl at pH 6, a slight decrease of the thermal stability was found with 

increasing salt at low concentration. Arktas reported an increase of the thermal stability with 
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increasing the ionic strength of NaCl at pH 3.7 and pH 5.7, but a decrease for an addition of the 

CaCl2 at pH 5.7[135]. By changing the solution pH in invariant electrolyte, a maximum thermal 

stability of the collagen type I molecules was determined in the physiological pH range[137].  

The surface charge which is related with salts and the pH of the solution is an important 

parameter for collagen self assembly into fibrils. To facilitate the collagen self-assembly, the 

triple helix of collagen should be stable long enough to begin assembly. Moreover, the surface 

charge of collagen should be screened in order to reduce the electrostatic repulsion. Collagen has 

the IEP at 9.3 as we determined in Chapter 5. It is expected to accelerate fibrillogenesis with 

increasing the pH to isoelectric point. However, Wood et al. found the fibrillogenesis rate to 

increase with decreasing pH from 7.4 to 6 while to decrease with increasing pH from 7.4 to 

8[49]. This might come from the binding of salt which can change the surface charge of collagen 

and intermolecular interaction. It has been reported that preferential adsorption of ions can shift 

the IEP and influence the conformational stability of the collagen[117]. These binding ions 

should also affect the surface charges of collagen molecules and change the fibrillogenesis rate. 

However, due to the affinity of ions and the difficulty in surface charge measurement, there are 

no systematic studies of salts on collagen fibrillogenesis related to surface charge. 

Salts influence the stability of collagen, conformation and intermolecular interactions 

through salting-in, salting-out and binding[134, 138]. It has been proposed that divalent 

phosphate and sulfate ions binding to collagen molecules appear to form salt bridges within 

regions of high excess positive charges in fibrils [109]. During fibril formation, the attraction 

between the hydrophobic side groups as well as opposite charges groups is thought to be the 

major interactions. The electrostatic interactions between charged amino residues strongly 

contribute to the molecular organization of D-staggered array model of collagen fibrils. 
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Electrostatic interactions in aqueous media are commonly understood in terms of screening 

Coulomb interactions, where like-charged objects, such as polyelectrolytes, always repel in the 

Poisson-Boltzmann theory (PB theory). However, a series of experiments on charged 

biopolymers, including DNA, F-actin fibers, microtubules and aggregating viruses indicate that 

in the presence of small amounts of polyvalent salts,  attractive forces of  different origins (e.g., 

hydrophobic or hydration interactions) overwhelm electrostatic repulsion[139-141].  

Protein-Salt Interactions 

Salting-out/Salting-in Theory 

The protein solubility can be expressed in terms of the solvation free energy of the protein 

molecule in the equilibrated fluid phase[142]. When the solubility is small, fluid-phase protein-

protein interactions can be neglected. The phase-equilibrium criterion (the chemical potential of 

the protein in the crystal is equal to that in the fluid) at a given salt concentration reduces to:  

µ𝟐𝟐
𝒔𝒔 − µ𝟐𝟐

𝟎𝟎 = 𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹 𝑺𝑺𝟐𝟐
𝑺𝑺𝟐𝟐
𝟎𝟎                                                                                                    (6-1) 

Where µ𝟐𝟐𝒔𝒔  and µ𝟐𝟐𝟎𝟎 are the chemical potential of the protein in the solid phase and the 

infinite-dilution standard-state chemical potential of the protein, respectively, and 𝑺𝑺𝟐𝟐 𝑺𝑺𝟐𝟐𝟎𝟎⁄  is 

protein solubility relative to a standard state solubility. The major assumption of the salting-out 

theory is that the protein is a pure phase and the salting-out behavior is determined from the 

dependence of the standard-state chemical potential on salt concentration. 

Protein-salt interactions can be divided into three main groups: 1) effect of salt on charged 

groups, 2) effect of salt on exposed peptide groups, and 3) effect of salt on nonpolar groups[143, 

144]. At low salt concentrations there is a salting-in effect due to the favorable interaction 

between the protein and the surrounding ion atmosphere. At higher salt concentrations, protein 

solubility is determined by the balance of unfavorable interactions between the salt and the 
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nonpolar surface of the protein and favorable weak ion-binding interactions between the salt and 

the protein. In most cases, because the unfavorable hydrophobic interactions are greater than the 

attractive weak ion-binding interactions, salting-out is observed. 

Surface-Tension-Increment Effect 

The surface free energy of a nonpolar group of the protein in contact with water is related 

to the surface tension of the water. Because all salts increase the surface tension of water, 

similarly, they increase the surface free energy of nonpolar groups. As a result, the magnitude of 

the salt-protein interaction is related to the molal surface tension increment of the salt. The molal 

surface tension increment of the salt is correlated with the ion’s position in the lyotropic series 

that was originally developed to describe the salting-out effectiveness of various ions for 

globular proteins. For anions, the series in decreasing order of the molal surface-tension 

increment is 𝑺𝑺𝑺𝑺𝟒𝟒
𝟐𝟐−>𝐻𝐻𝐻𝐻𝑂𝑂4

2−>𝑪𝑪𝑹𝑹−>𝑩𝑩𝑩𝑩− > 𝑰𝑰− > 𝑵𝑵𝑺𝑺𝟑𝟑
− > 𝑺𝑺𝑪𝑪𝑵𝑵−; the corresponding series for 

cations is 𝑴𝑴𝑴𝑴𝟐𝟐+ > 𝐶𝐶𝒂𝒂𝟐𝟐+ > 𝑵𝑵𝒂𝒂+ > 𝑲𝑲+ > 𝑵𝑵𝑵𝑵𝟒𝟒
+ > 𝑪𝑪𝒔𝒔+. High lyotropic-series salts 

(kosmotropes) are good salting-out agents because they interact strongly with water; water 

molecules surrounding the salt ions are more structured relative to bulk water. Low lyotropic-

series salts (chaotropes) break the structure of water of the surrounding water molecules. 

Chaotropes are weak salting-out agents due to weak interaction with water[145].  

Preferential Ion-Binding Interactions 

Studies on the solubility of proteins in salt solutions have shown that there is salting-in 

effect due to the electrostatic interaction between the salt ions and the peptide group[146, 147] 

which is attributed to the large dipole moment of the peptide group. Since amino groups of 

protein carry a partial positive charge and the carbonyl oxygen groups carry a partial negative 

charge, it is possible that anions bind at or near the nitrogen atoms and cations bind at or near the 

oxygen atoms. In addition, divalent cations have stronger binding affinities to the peptide group, 
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as indicated by measurements of the retention times of salt on columns containing a stationary 

phase of polyacrylamide[143]. In these studies, chaotropic anions or divalent cations were 

retarded due to interaction with the peptide group, whereas kosmotropic anions were not retarded 

due to unfavorable interaction with the nonpolar backbone of polyacrylamide. 

Anion binding to the positively charged groups of protein molecules has been observed in 

studies concerning stabilization of folded structures of protein molecules at low pH. The strength 

of this interaction is related to the ion’s position in the electroselectivity series[148], as measured 

by the affinity of the ion in an anion-exchange resin. The series adsorption dependendence on the 

resin was exploited, and the general trend is in the order of 𝑺𝑺𝑺𝑺𝟒𝟒
𝟐𝟐−>𝑺𝑺𝑪𝑪𝑵𝑵− > 𝐼𝐼−>𝑩𝑩𝑩𝑩−>𝑪𝑪𝑹𝑹−. For 

monovalent anions, the electroselectivity series is the inverse of the lyotropic series. It is likely 

that higher binding affinities of the chaotropic anions reflect weaker unfavorable interactions 

with the nonpolar backbones of the resins. However, a divalent charge interacts more strongly 

with the charged resin than the monovalent charge, as is observed with 𝑺𝑺𝑺𝑺𝟒𝟒
𝟐𝟐−.  In fact, the 

intensity of anion binding to positively charged surfaces is the reverse of lyotropic-series 

dependence of the solubility of basic proteins for monovalent anions[149]. This reverse 

solubility dependence is attributed to the formation of insoluble protein-anion complexes. It was 

commonly thought favorable protein-salt interactions should favor solubilization of the protein 

molecule. However, in addition to protein-salt interactions, changes in protein-protein 

interactions must also be considered; a decline in solubility occurs if there is an increase in the 

net attraction between the proteins. 

In the present study, we found that polyvalent electrolytes adsorb on collagen molecules 

which shift collagen’s isoelectric point. There is a competition between fibrillogenesis and 

denaturation at pH condition.  We also found that collagen fibril formation is not solely a salting-
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out process which is regulated by screening surface charge. The likely charge attraction 

originated by divalent ions bridging play a critical role on forming native fibrils. 

Materials and Methods 

Materials 

Purified type I pepsin-solubilized adult bovine dermal collagen (97%, with the remainder 

comprised of type III collagen) dissolved in hydrochloride acid was purchased as a solution with 

a concentration of 2.9 mg/ml (PureCol®, INAMED, Inc., Fremont, CA). CaCl2, NaCl, KCl, 

Na2HPO4, Na2SO4, K2HPO4, MgCl2, ethylenediaminetetraacetic acid (EDTA) and 0.1M NaOH 

were purchased from Fischer Scientific. 

 Zeta Potential Measurement 

The determination of zeta (ζ) potential was performed using a Brookhaven ZetaPlus. A 

solution of type I collagen was diluted to 0.5 mg/ml in 12 mM HCl with desired salts and 

sonicated for 5 minutes. The pH of the initial solution was measured with pH paper and adjusted 

within the range of 3 to 11 by 0.1 M NaOH. Fresh solutions were used for zeta potential 

measurements at each pH.  

Turbidity Measurements 

The turbidity was recorded by measuring the transmittance at 400 nm using a UV-Vis 

spectrometer (Beckman DU-640 Spectrophotometer). In a typical experiment, 1.2 ml collagen 

was mixed with 0.1M NaOH to desired pH. After adding the desired salt, the mixture was 

incubated at 30°C for 20 hours before turbidity measurement. 

Electron Microscopy Measurement 

In order to verify collagen fibril formation, electron microscopy of the final collagen gel 

was taken. The collagen fibrils with native banding were viewed by transmission electron 

microscopy (TEM; TEM 200CX, JEOL) using an accelerating voltage of 80 kV. TEM samples 
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were prepared by placing the collagen clot on a 200 mesh copper grid and staining with 

phosphotungstic acid (1%, pH7.4). 

Small Angle X-ray Scattering (SAXS) 

SAXS measurements at a wavelength of λ=0.154 nm were carried out using a laboratory 

pinhole instrument (NanoStar from Bruker AXS, Karlsruhe, Germany) in Dr. Peter Fratzl’s lab 

in Germany. Radial averaging of the two-dimensional scattering data gave the intensity I as a 

function of the modulus of the scattering vector, which is defined as  

𝑄𝑄 = 4𝜋𝜋 𝐬𝐬𝐬𝐬𝐬𝐬 𝜃𝜃/𝜆𝜆                                                                                                             (6-2) 

Where 2θ is the scattering angle. 

Circular Dichroism Measurement 

After turbidity measurement, samples of collagen with low turbidity were used for CD 

measurement in order to determine the thermal stability of the triple helix in specific salts 

condition. Collagen samples in 350 mM CaCl2, MgCl2 and NaCl at pH 7.4 were diluted with DI-

water to give a concentration of about 0.27 mg/ml. The samples then were placed in a jacketed 

cell at 25°C with a 1-mm light path and the CD spectra were obtained by using a Circular 

Dichroism Spectrometer (Model 400, Biomedical, Inc. Lakewood, NJ, USA) in Dr. Joanna 

Long’s Lab. 

For comparison, the CD spectra of helical and random coil form of collagen were also 

obtained. The random coil form was obtained after raising the temperature of solution to 50 °C 

where melting is completed. Samples were scanned at 25°C from 250 nm to 180 nm in 1-nm 

steps using 1-sec time constant. The results were calculated as the molecular ellipticity, [θ], using 

the relationship: [θ]=10-3θM/LC (deg cm2 dmol-1), where θ is the measured ellipticity in degree, 

L is the path length in millimeters, C is the concentration in milligrams per milliliter, and M is 

the average residue molecular weight of collagen and its value is 91.2.  
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Results 

Surface Charges Measurement 

To investigate the influence of salt type on the thermally driven self-assembly of collagen, 

the surface net charge of collagen molecules were measured by Zeta potential in different salt 

type (Figure 6-1). It can be seen that not only the surface charge of proteins but also the 

isoelectric point can be affected by salt specificity. In the control solution, the pH corresponding 

to the isoelectric point of collagen was found to be approximately 8.9, which is the approximate 

isoionic point[116]. After adding 10 mM Na2HPO4, the isoelectric point of collagen shifted to 

7.5. Similarly, adding Na2SO4 causes the IEP shift to acid side. On the other side, by adding 

CaCl2, the IEP of collagen shifted to 9.4. In other words, at the fixed pH, the surface of collagen 

is more positive charged with multivalent cations than with monovalent ions; collagen is more 

negatively charged with multivalent anions than with monovalent ions.  
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Figure 6-1. Zeta potential measurement of surface charges of collagen affected by salts. 
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Turbidity Measurements 

Collagen fibril formation was conducted at physiological pH and salt condition in order to 

generate native collagen fibrils. To manipulate surface net charge of collagen, the specific salt, 

ionic strength and pH were used in our studies. Based on the surface charge results described 

above, it is expected collagen monomers are less surface charged at physiological pH in 

multivalent anions than monovalent ions, while more positively charged in multivalent cations 

than monovalent ions.  

Figure 6-2 and 6-3 compare turbidity of collagen fibrils data for various salts at pH 7.4 and 

9.0, respectively. The trends are different at both pH conditions. At pH 7.4, with increasing ionic 

strength, the difference in gelation degree increases in divalent anions of Na2SO4, Na2HPO4 and 

K2HPO4. In divalent cations of MgCl2 and CaCl2, the gelation degree is highly reduced when 

ionic strength increases to 250 mM. For the monovalent ions of NaCl and KCl, the gelation 

degree is reduced at ionic strength of 250 mM. The specific nature of the ion is less important at 

an ionic strength less than 250 mM since there is no remarkable difference in gelation degree. 

The difference in gelation degree becomes significant for different salt types above ionic strength 

250 mM. At pH 7.4, the surface charges of collagen in divalent anions are very low from the zeta 

potential measurement while highly positively charged in monovalent ions and divalent cations 

condition.  
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Figure 6-2. Effects of salt type and ionic strength on the collagen gelationat pH 7.4. The gelation 
degree is increased with increasing ionic strength while gelation is inhibited in CaCl2, 
MgCl2, KCl and NaCl when ionic strength is about 250 mM. 

 

Figure 6-3 shows gelation data for salts and ionic strength at pH 9.0. Compared to results 

at pH 7.4, gelation is highly inhibited at pH 9.0 in the range of ionic strength investigated since 

low turbidities were measured. However, in the divalent cations of MgCl2 and CaCl2, a high 

degree of gelation was obtained at ionic strength from 50mM to 150mM. In the divalent anions 

of K2HPO4 and Na2HPO4, a medium degree of gelation was obtained by increasing the ionic 

strength which might result from the buffer effect of HPO4
2-. 
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Figure 6-3. Effects of salt type and ionic strength on the collagen gelation degree at pH 9.0. Low 
gelation is obtained in all salt type except in divalent cations of CaCl2 and MgCl2. 

Circular Dichroism Spectroscopy 

Turbidity measurements indicated gelation was inhibited by the salts concentration and 

pH. It has been found that high ionic strength destabilizes collagen’s triple helix structure[143] 

which might inhibit the gelation. It is necessary to determine the helical structure of collagen 

after incubation. The CD of collagen was performed in 350 mM of CaCl2, MgCl2 and NaCl at 

pH 7.4 where there is no gel formed at all (Figure 6-4). The helical and random coil forms of 

collagen were also conducted for comparison. It can be observed that the helical form of collagen 

has a characteristic positive band at 221 nm and a large negative band at 197 nm while the 
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random coil form, the positive and negative bands have almost disappeared. The spectra of 

collagen in the presence of CaCl2, MgCl2 or NaCl have a similar profile with respect to the 

spectrum of helical form of collagen but the intensity of the bands decreased which might be 

attributed to partial loss of helical form. 
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Figure 6-4 Circular dichroism spectra of collagen. The concentration of collagen was 0.27mg/ml. 
Collagen (native) has characteristic bands at 197 nm and 212 nm. The bands 
disappeared after denaturation. In 350 mM salts of CaCl2, MgCl2 and NaCl, two 
bands are decreased due to the partial denaturation. 

TEM Morphologies Of Fibrils Formed In Salts 

Electron microscopy images were obtained for the collagen gelation after incubation at 

30°C for 20 hours in 100 mM and 200 mM ionic strength of salt, pH 7.4. In 100 mM NaCl and 

KCl, collagen monomers tend to associate into microfibrils (Figure 6-5). No banding pattern can 
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be observed within these loosely formed microfibrils while non-fibrillar collagen monomers 

coexist with fibrils. However, when ionic strength is increased to 200 mM, the collagen 

monomers form more highly-ordered fibrils. Alongside the microfibrils, larger fibrils with D-

periodic banding pattern are also found. When in the presence of divalent anions of Na2SO4 and 

Na2HPO4, the lateral alignment of the fibrils is clear and the characteristic D-banding pattern of 

collagen fibrils across the whole collagen fibrils bundle (Figure 6-6) is well demonstrated. Even 

in 100 mM of Na2HPO4, small fibrils also displayed the characteristic D-periodic banding 

pattern. Compared to the fibrils formed with monovalent ions, the collagen fibrils with divalent 

anions have more highly-ordered structure. In the presence of CaCl2 and MgCl2 at ionic strength 

of 200 mM and pH 9.0, the TEM images of collagen fibrils in divalent cations at 100 mM are 

showed in Figure 6-7. Large and bundled fibrils with D-periodicity appeared in the whole image. 

Since the lateral growth of fibrils is a diffusion control process, we though the slow rate of 

gelation in divalent cations might be the reason for large fibrils and decided to study the kinetics 

of fibrillogenesis in salts. 
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Figure 6-5. TEM images of type I collagen fibrils in mono-valent ions of NaCl and KCl.  Scale 
bar is 1 µm. 
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Figure 6-6. TEM images of type I collagen fibrils formed in di-valent cations of Na2HPO4 and 
Na2SO4. Scale bar is 500 nm. 
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Figure 6-7. TEM images of type I collagen fibrils formed in di-valent cations of CaCl2 and 
MgCl2Scale bar is 500 nm. 

 

Kinetics of Fibrillogenesis in Salts 

The rate of collagen fibrillogenesis is affected by the intermolecular interactions. When 

collagen molecules are highly positive or negative charged, it is difficult to form the fibrils due 

to the electrostatic repulsion. When collagen molecules are neutralized, fibrils are easier to be 

formed. Based on the zeta potential measurement, at pH 7.4, collagen molecules are less charged 

in Na2HPO4 and Na2SO4 than in NaCl, CaCl2 and MgCl2. The effects of charge density on rate of 

fibril formation are observed in Figure 6-8. The order of fibrillogenesis rate is 

Na2HPO4>NaCl>Na2SO4>MgCl2>CaCl2 which is consistent with reducing the surface charges of 

collagen except in the presence of NaCl. 



 

104 

0 100 200 300 400 500 600
0

20

40

60

80

100

Tr
an

sm
itt

an
ce

 at
 4

00
 n

m

Time (min)

 MgCl2
 CaCl2
 Na2SO4

 Na2HPO4

 NaCl

 

Figure 6-8. Kinetics of collagen gelation in salts determined by turbidity measurements.Ionic 
Strength 100 mM, pH 7.4, 30°C. 

 

D-periodicity 

Collagen exhibits a number of long-range interactions resulting from axial order and 

possible substructures within the fibrils. The most characteristic long rang order is D-periodicity. 

The D-periodicity was calculated from TEM images and summarized in Table 6-1. Normal D-

periodicities which are around 60 nm was measured in MgCl2, CaCl2 and Na2HPO4, but unusual 

bandings were found in Na2SO4 and EDTA.  
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Table 6-1. D-periodicity of collagen fibrils in presence of different salts 
Salts Ionic Strength (mM) Banding Length 

(nm) 
Count Number 

CaCl2 100 59.4±3.9 89 

MgCl2 100 60.3±7.7 85 

Na2HPO4 200 58.7±4.4 81 
Na2SO4 200 49.2±3.0 178 

EDTA 200 55.7±5.5 316 

 

The D-periodicity of collagen fibrils were also measured by small angle X-ray scattering. 

The electron density profile of the d-spacing produces a diffraction series of sharp reflections on 

the small angle scattering image as shown in Figure 6-9. These sharp reflections can be used to 

determine a change in the d spacing of the collagen molecules as the alteration in electron 

density along the fibril axis are reflected in changes to the intensity of these peak. The orders of 

Bragg reflections due to the electron density distribution of the gap and overlap interactions of 

collagen molecules in the axial direction and the D-periodicity of the fibrils were calculated by 

the slope of the insert plot using n orders vs. 2sinθ/λ. The D-periodicity of fibrils formed in KCl 

and Na2HPO4 is 61 nm which is same as the D-periodicity of natural bone. 
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Figure 6-9. Small angle X-ray diffraction measurement of collagen fibrils. A)Small angle X-ray 

diffraction pattern of collagen fibrils formed in 100 mM KCl. B) A linear intensity 
profile of the small angle diffraction image of reconstituted collagen fibrils. The 
orders of Bragg reflections due to the electron density distribution of the gap and 
overlap interactions of the collagen molecules in the axial direction have been 
included. 
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Discussion 

Collagen-Ion Complex 

Collagen-salt interactions can be divided into two main groups: binding counterions on 

charged groups which can reduce the effective charge on the collagen; free ions of both charges 

which act to screen the charge of collagen-ion complex. The binding effects are attributed to the 

large dipole moment of the peptide group. The amino groups on collagen carry partial negative 

charges, suggesting anion binding at or near the nitrogen atom. Divalent cations have larger 

binding affinities to the peptide group than monovalent ions, as indicated by measurements of 

the retention times of salts on columns containing a stationary phase of polyacrylamide[143]. 

The binding effects of ions change the surface charge of collagen molecules. Moreover, the 

shifting of isoelectric point in different salts measured by zeta potential indicates collagen 

molecules can be overcharged by binding ions. The overcharging phenomenon was found in 

many other areas of macro-ion electrostatic interaction because of the strong overneutralizing 

effect of the counterion condensation[150]. For the monovalent salts, they have equal binding 

affinity on charged groups of collagen molecules and the isoelectric point can not be shifted. 

However, for the divalent ions, overcharging occurred through the divalent ions binding which 

reverse the collagen charges.  

Stability of Collagen and Fibril Formation 

An important phenomenon in our studies is the inhibition of fibril formation at the isoionic 

point of collagen (pH 9). The formation of collagen fibrils requires the temperature increasing to 

break the structured water. The hydrophobic attraction and electrostatic attraction overcome 

hydration to aggregate the collagen molecules. It has been proposed the specific recognition and 

highest intermolecular interactions occurred in native fibrils driving fibril formation. The 

instability of collagen in isoionic condition at high temperature is one factor of inhibiting fibril 
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formation due to the denaturation. Our CD results also confirmed the occurrence of partial 

denaturation of collagen at high ionic strength. While in pH 9.0, the pH is close to isoionic point 

of collagen, it is possible that the unfolding of the collagen helix is too fast and prevents 

fibrillogenesis. However, because of divalent cations, which shift the IEP to base side and make 

collagen slightly positive charged, the destabilization of collagen is overcome by Fibril 

formation. 

Multivalent Ions Effect on Regulate Banding Pattern 

Type I collagen monomers self-assemble into native D-periodic fibrils by a high degree of 

specific intermolecular interactions. Firstly, the collagen monomers exhibit a high degree of 

parallel alignment to each other to form microfibrils. Then the microfibrils associate laterally to 

forming fibrils. When self assembly occurs in the absence of divalent ions, the fibrils are smooth 

and do not show clear longitudinal periodicity. In the presence of divalent ions, collagen fibrils 

were formed with periodicity of 62 nm which lies well within the characteristic values of around 

64 nm. It is said that the characteristic native periodicity of collagen occurs in the buffer 

solutions containing potassium[121, 151-154]. Our results indicate that even without potassium, 

collagen also forms fibrils with native banding pattern. Compared to the salt type, fibril with 

native banding pattern formed with the divalent ions. It is possible salts with divalent ions 

induced the like charge attraction during fibrillogenesis through bridging. 

Short D-periodicities were found in the presence of Na2SO4 and EDTA. We found the 

short D-periodicities on early stage of fibrillogenesis in PBS. We proposed the misalignment due 

to the electrostatic interactions between collagen molecules which might also happen in those 

two salts. The D-periodicity depends on the state of hydration of the fibril and decreases from 67 

nm from the hydrated fibril to around 64 nm in air-dried samples, and down to 60 nm after 

dehydrothermal treatments at 120°C[155, 156]. Short D-periodicities around 57 nm and 62 nm 
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from air dried collagen fibrils has also been reported from AFM measurement[157]. Since 

dehydration induces structural disorder and mechanical stresses, it is possible that the collagen 

fibrils are destabilized and the D-periodicities are decreased after water evaporation.  

Usually, the two identical collagen-ion complexes always repel each other, or the 

magnitude of repulsion is reduced in the electrolytes. It has been know for over a decade, from 

the simulation and integral equation approaches, the short range correlations between the 

counterions can lead to attractive corrections to the electrostatic interaction[140]. The occurrence 

of attractions is usually analyzed in terms of a dimensionless quantity ξ (the Manning 

parameter), defined by the ratio of the two fundamental lengths in the problem: ξ=lB /b, where 

lB=e2/4лε0εkBT is the Bjerrum length (lB=7.1 A at room temperature in water). According to the 

Manning criterion[158, 159], because of condensation of the small mobile counterions onto the 

rod, the effective charge per unit length is only a fraction 1/Zξ (Z is the counterion valency). The 

fraction 1-1/Zξ of the fixed charges on the rod was neutralized by the counterions that condense 

on them. An experimental rule for the disappearance of electrostatic repulsion between DNA 

strands is that the effective charge per unit length should be less that 10% of its bare value. Take 

the collagen as a rod shape molecule, the electrostatic interaction between collagen molecules is 

the sum of two terms: The first term is repulsive, and originates from the net charge of each rod, 

which is nonzero because not all counterions have condensed. The second term is attractive, and 

originates from charge fluctuations along the rods, due to the free exchange between condensed 

and free counterions. When the two collagen-ion complexes approach each other during 

increasing temperature, attractions are induced by hydrophobic attraction. At small distances, the 

binding ions can undergo dramatic rearrangement that renormalized the effective charge 

distribution. It is possible that the renormalization of charge distribution of collagen-salt 
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complexes and subsequently searching a particular target sequence to form the characteristic D-

periodic fibrils.  

Conclusion  

The degree of collagen fibrillogenesis is highly affected by salt type and concentration. 

Due to the stronger tendency of multivalent ions over monovalents to bind on collagen surface, 

salts with high binding affinities can screen off the Coulombic repulsion and promote 

intermolecular interactions. Fibrils with a native banding pattern formed in solutions containing 

salts with divalent ions. It is thought that these divalent salts could facilitate fibrillogenesis by 

providing like-charge attraction and forming salt bridges between collagen molecules.
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CHAPTER 7 
SUMMARY AND FUTURE WORK 

Summary 

Self-assembly of solubilized collagen into fibrils was first observed about 60 years 

ago[106]. Under the physiological condition, collagen molecules aggregate spontaneously to 

form fibrils with the characteristic D-periodic pattern. Subsequent studies indicate that ions, 

alcohol, and other substances which influence electrostatic, hydrophobic and covalent bonding 

were able to modify self-assembly behavior. However, the mechanisms by which collagen 

molecules assembly into fibrils are still not well understood, especially the mechanisms that 

drive the D-periodic packing of monomers to form native fibril. It has been proposed that 

specific distribution of charged and hydrophobic amino acids along collagen molecules plays an 

important role in the molecular packing of collagen[160]. The telopeptides on the collagen also 

play a critical role in the formation of collagen fibrils[59], but other factors driving collagen 

assembly into D-periodic fibrils are not known. The aim of this dissertation is to understand the 

mechanisms of the collagen assembly into D-periodic fibrils, the interactions between the 

collagen molecules during fibril formation as well as the underlying forces driving the formation 

of D-periodic pattern. To accomplish these goals, we investigated the kinetics of collagen 

molecules assemble into fibrils, the temperature, concentration, pH, salts and surfactants effects 

on controlling the alignment of collagen monomers into fibrils. We employed three kinds of 

molecular interactions: 1) hydrophobic interactions which were introduced by surfactants of SDS 

and SDBS; 2) Electrostatic interactions which were controlled by changing the pH of the 

solution; 3) specific likely charge attractions induced by weak bridges of divalent ions. 

Morphology studies by electron microscopy suggest that the fundamental mechanism of the 
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characteristic fibrils is mediated by the electrostatic interactions and salts bridges play an 

important role on molecular recognition to form D-periodic pattern. 

Surfactant Effects 

The effects of the presence of ionic surfactants on collagen fibrillogenesis indicated that 

the rate of collagen fibril formation was accelerated remarkably in the presence of 0.1-0.5 mM 

sodium dodecylsulfate (SDS) or sodium dodecylbenzenesulfonate (SDBS) while the unfolding of 

collagen triple helix also occurred when up to 1 mM SDS was added or more than 0.35 mM 

SDBS was added. The morphology studies from SEM confirmed occurrence of partial unfolding 

and non-fibrillar collagen gel within fibrils. There is a weak interaction between collagen and 

SDS at room temperature and stronger binding appeared between collagen and ionic surfactant 

during collagen dehydration above room temperature. It is possible surfactants bind to collagen 

which promotes collagen fibril formation.  

pH Effects 

Collagen self-assembly in vitro was conducted in the pH range from 6.0 to 10.5 at 30 °C in 

order to investigate the electrostatic interactions that occur during fibril formation. A sigmoidal 

curve was observed in the growth rate of fibrils. Collagen fibril morphologies imaged by 

transmission electron microscopy (TEM) and scanning electron microscopy (SEM) present 

bundling of fibrils with a small amount of non-fibrillar collagen. At a low pH of 6.6, collagen 

molecules form small fibrils with a diameter of 85 nm. In the pH range from 6.9 to 8.0, they 

form fibrils with diameter of approximately 200 nm, even though the rate of fibrillogenesis 

accelerates with increasing pH in this range. Zeta potential measurements of soluble collagen 

indicate that the net surface charge of collagen molecules is not only affected by the pH of 

medium but also by the presence of added salts. The acceleration of fibrillogenesis rate with 

increasing pH from 6.6 to 9.2 is consistent with a reduction of surface net charge since the 
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isoelectric point of soluble collagen is approached. The native D-periodicity of 62 nm was found 

except at pH 7.1 where collagen molecules form short banding of 50-60 nm in the early stage of 

fibrillogenesis which might be caused by unusual alignment of collagen molecules in fibrils. 

Salts Effects 

The behavior of collagen molecules self assembly into fibrils is commonly understood in 

terms of hydrophobic and electrostatic interactions in the short range by releasing the structured 

water. As an expectation, the electrostatic interactions are repulsive based on mean field theories, 

such as the Poisson-Boltzmann theory (PB theory). In our studies, the facilitation of collagen 

aggregation through reducing surface net charge by adding salts was observed. We also found 

the competition between unfolding and aggregation of collagen at high pH. The divalent ions 

binding to the collagen molecules not only change the surface net charge but also facilitate the 

formation of fibrils with native D-periodic banding pattern. It is possible that the bound divalent 

ions induce the like-charge attraction during collagen self assembly through coupling and 

renormalization charge distribution between counter-ion correlation and collagen. We believe 

these findings can fundamentally help understanding the mechanisms of fibrillgenesis and may 

initiate new developments of biological self-assembly. 

Even though hydrophobic attraction is the major force for collagen aggregation, the 

formation of native fibrils depends on the appearance of the divalent ions which induce the like-

charge attraction and bridging the collagen for fibril formations. As it is know, the self-assembly 

of molecules has attracted a lot of attention for design and development of new materials. Major 

mechanism for self-assembly is general the hydrophobic attractions. Our finding of like-charge 

attraction brings a new sight for developing self-assembly system.  
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Future Work 

The adsorption of collagen at solid surfaces is of importance in a wide variety of 

applications, including in vitro cell growth, membrane fouling, protein purification, and 

biosensor design. Micro-fabrication technology offers the capability to control cell-surface, cell-

cell, and cell-medium interactions on a micro- or nanometer scale. Various studies proved that 

cells are affected by the topography of the surface on which they were seeded. Cells were 

reported to elongate in the direction of the micrometer-size grooves and migrate as guided by the 

grooves[161]. Therefore, micro-patterned substrates are expected to better maintain cell 

morphology, differentiation and functionality over long periods of time. Our studies have 

indicated that surfactants bind to collagen by hydrophobic interactions. It has also reported 

adsorption of collagen on the substrate through hydrophobic interactions. One of our future 

works is to fabricate collagen fibrils on the substrates and control their position by micro-contact 

patterning. To achieve this goal, experiments are designed as:  

1) Design applicable patterns and fabricate the substrates which are suitable for collagen 

fibril adsorption.  

2) Prepare collagen fibril dispersion and print on the substrate.  

3) Examine its function on cell attachment and proliferation.  

Usually, collagen fibrils are arranged in complex three-dimensional arrays in vivo, often in 

an aligned manner to fulfill certain biomechanical functions such as resisting high tensile stress. 

Collagen can be found as parallel fiber bundles in tendon and ligaments[162], as concentric 

waves in bone[163] or as orthogonal lattices in cornea[164]. The spatial organization of collagen 

fibers in vivo is believed to play an important role in directing cell behavior and providing 

mechanical support. Several approaches have been introduced to reconstitute spatial ordered 

collagen matrices in vitro. Such as exposing collagen solution to a strong magnetic field which 
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aligns collagen fibrils due to the diamagnetic properties of collagen molecules[165]. Aligned 

collagen nanofiber matrices have also been produced by electrospinning or use of a mica surface 

in combination with hydrodynamic flow[166, 167]. We have tried to make the oriented native 

collagen fibril with concentrated collagen solution. However, the occurrence of non-fibrillar 

collagen during fibril formation makes it infeasible. Electrospinning method is usually involved 

in collagen denaturation. We have found that collagen can form native fibrils in divalent ion 

solution and fibrils can be stabilized after long term storage. Those stabilized fibrils can be 

dispersed by stirring. Normally, the collagen fibrils formed from gelation are entangled with 

each other. Strong mechanical agitation causes fibril dissociation. Since we can make the stable 

and well dispersed fibrils, it is possible that the fibrils can be aligned by hydrodynamic flow to 

form the 3D matrices. 

We found collagen can form the unusual periodicity less than 67 nm. Short periodicities 

have also been reported but the mechanisms are unclear. Correct longitudinal alignment of 

collagen monomers in a fibril is important for the mechanical and biological functions of 

collageneous matrices. Specifically, a precise alignment of monomers facilitates the formation of 

fibril stabilizing inter-molecular chemical cross-links between specific lysine residues present 

within telopeptide regions of one monomer and specific lysine residues present with a triple-

helical region of interaction monomers. It is worthy of studying the specific factors which cause 

the short periodicities in order to control the periodicities and help understanding the biological 

system and collagen synthesis in vivo. For this goal, the research is designed as: 1) Produce the 

collagen fibrillar matrices with shorter periodicity. 2) Examine its mechanical properties. It has 

been thought native fibrils with D-periodicity are stabilized by inter-molecular chemical cross-

links, is it possible that unusual fibrils with short periodicity would be less stable. To study the 
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mechanical properties, the mechanical strength of single fibril will be measured by AFM. 3) It 

has been reported that hydrophobic interactions and electrostatic interactions bring a substantial 

contribution the formation of D-periodicity. Calculating the hydrophobic and electrostatic 

interactions between collagen molecules in unusual periodicities would be performed. 
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